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CHAPTER 1. GENERAL INTRODUCTION 
Multi-phase flow and transport in porous media is a topic not yet completely 
understood, even though the process arises in many physical situations. The field of 
reaction engineering utilizes a packed bed of solid catalyst particles also known as a 
trickle bed reactor. A gas stream flows over the bed along with a liquid stream. The gas 
dissolves into the liquid which subsequently contacts with the solid catalyst where the 
desired reaction occurs. Another area that encounters multi-phase flow in porous media 
is petroleum engineering. Enhanced oil recovery involves the displacement of 
immiscible oil by water within the soil reservoir. Finally, from an environmental 
standpoint, the contamination of underground aquifers by non-aqueous phase liquids 
(NAPLs) is a problem that has recently garnered a great deal of interest in the research 
community. Sources of this contamination include leaking underground storage tanks 
and surface spills of industrial or agricultural waste. 
This research is divided into two phases. The first one involves the introduction 
of a new three-dimensional technique to quantitatively examine NAPL dissolution in 
porous media. The second phase involves taking a closer look experimentally at a 
relatively new remediation technique. The next two subsections give a brief general 
introduction to the topics. 
1.1 General Introduction to Phase 1 - Study of NAPL Dissolution 
Solutions to the problem of NAPL contamination of aquifers have included pump 
and treat technologies, surfactant introduction, biological remediation, and the cost 
inefficient alternative of digging up and disposing of the contaminant. While the 
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majority of these technologies are promising, they are not completely effective in 
removing the NAPL, with the possible exception of digging up the NAPL. Standard 
remediation methods are quite sufficient in removing a majority of the contaminant. 
Where they fall short is the focus of this research. 
A common remediation strategy during the 80 s was the standard pump and treat 
operation. This remediation technique involves pumping the contaminated groundwater 
to the surface, treating it to remove the organic contaminant, and disposing of the treated 
water at the surface (Pankow, 1996). Pump and treat operations have been found to be 
ineffective in removing source pools of contaminant and residually trapped contaminants. 
Residually trapped contaminants occur when interfacial forces are sufficiently strong to 
overcome viscous and buoyancy forces and portions of the contaminant become trapped 
in pore spaces (Wardlaw, 1982). 
Industrial chemical and petroleum products such as trichloroethylene (TCE) and 
carbon tetrachloride tend to have very low solubilities in water (-103 mg/L). The 
maximum concentration limits in drinking water for these chemicals are typically on the 
order of 10"2 to 10"3 mg/L. Herein lies the problem. These chemicals dissolve extremely 
slowly, continuously contaminating the surrounding groundwater at levels higher than the 
maximum concentration limits. 
Until very recently, little was known about mass transport processes occurring in 
two-phase flow pore-scale phenomena. Experimental attempts at garnering more 
information include the use of 2-D pore network micromodels and column dissolution 
studies. The former has the advantage of direct visualization of pore scale interactions, 
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but lacks in that it is only a 2-D representation and it is a manufactured pore network. 
Column dissolution studies, on the other hand, have the advantage of using real porous 
media. Information acquired from these experiments, however, is typically macroscale 
information (concentrations and flowrates). In order to gain pore-scale information, a 
probing technique is required that is non destructive to the media. Possibilities include 
X-ray tomography, magnetic resonance imaging (MRI), particle image velocimetry 
(PIV), and planar laser induced fluorescence (PLIF). Each of these methods has 
advantages and disadvantages in terms of cost and resolution issues. The latter, PLIF, is 
the method of choice for this work. 
The focus of the first phase of this research is to experimentally examine 
residually trapped NAPL s and dissolution on the pore scale in three-dimensional porous 
media. The goal of this work is to analyze a complete dissolution process through the use 
of non-invasive imaging techniques. It is desired to capture information regarding 
ganglia shape and size and spatial distribution information and to examine the effect of 
Capillary number on mass transfer. 
1.2 General Introduction to Phase 2 — Acoustic Remediation 
As mentioned before, a wide variety of methods have been proposed and tested to 
assist in the remediation of NAPL contaminants from groundwater. Many of these 
techniques are also applicable for EOR, in which the maximum recovery of the petroleum 
product from an oil reservoir is desired. 
In the early 1950 s, researchers found that recoveries from oil wells increased 
following events such as earthquakes, daily traffic, and train passage near the site. It was 
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believed that in some way the low-frequency pressure waves created by each of these 
events in some way enhanced the production of oil. 
One of the most complete reviews of elastic wave stimulation was written by 
Beresnev and Johnson (1994). This publication cites work from both the U.S. and 
Russian literature and the reader is referred to this article for background information. A 
major point from this article is that a majority of the research in this area has thus far 
been limited to the field scale. In addition, the results specifically for low-frequency 
acoustic stimulation are mixed at best. This highlights the need for controlled 
experimental studies into the use of low-frequency acoustic stimulation as an EOR or 
remediation technique. 
The second phase of this research focuses on this problem. The use of low-
frequency aqueous phase pulsations is studied in a two-dimensional micromodel. The 
goal of this work is to examine the effects of pulsation as both a mechanical process for 
removing NAPL's and also in combination with a solubility enhancing surfactant. It is 
also desired to explore the application technique of the pulsations (continuous versus a 
pulse/relax sequence). 
1.3 Dissertation Organization 
This dissertation is organized into a series of chapters. Chapter 2 gives a more in 
depth look at previous work and background information. Chapter 3 is a manuscript 
which describes the specific studies performed to examine the dissolution of a NAPL in 
three dimensions. Research involving the use of acoustic remediation is described by a 
manuscript which is Chapter 4. Chapter 5 provides the link between Chapters 3 and 4 
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describing preliminary results from combining flow pulsation with the three dimensional 
apparatus. Finally, the general conclusions that have been reached from this research 
along with some recommendations for future work in this area are covered in Chapter 6. 
1.4 References 
Beresnev, I.;Johnson, P. A. (1994). Elastic-wave stimulation of oil production: A review 
of methods and results. Geophysics 59(6): 1000-1017. 
Pankow, J. F.;Cherry, J. A. (1996). Dense Chlorinated Solvents and other DNAPLs in 
Groundwater. Portland, Oregon, Waterloo Press. 
Wardlaw, N. C. (1982). The Effects of Geometry, Wettability, Viscosity, and Interfacial 
Tension on Trapping in Single Pore-throat Pairs. The Journal of Canadian Petroleum 
Technology 1982(May-June): 21-27. 
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CHAPTER 2. LITERATURE REVIEW 
2.1 Immiscible Ganglia Mechanics 
In order to fully understand residually trapped NAPL s, it is important to first 
understand how they became trapped. As mentioned in the general introduction, NAPL 
contaminant sources include leaking underground storage tanks and surface spills. 
Depending on the density of the NAPL, the contaminant will migrate through soil zones 
differently. A NAPL with a density less than that of water (1 g/ml) is known as a light 
non-aqueous phase liquid, or LNAPL. Similarly, a dense non-aqueous phase liquid, or 
DNAPL, is one with a density higher than water. The different migration pathways for 
each NAPL are illustrated in Figure 1. 
Vedoae Zone 
Saturated Qrounderrtcr 
Impervious Boundey 
LNAPL 
DNAPL 
Figure 1 : Migration pathways of light and dense NAPLs following a surface spill. 
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Following a pump and treat operation or the migration of NAPL through a soil 
zone, a portion of the bulk contaminant is left behind in the pore spaces. This is known 
as residual contamination. A macroscale measure of the amount of contaminant 
occupying the pore spaces is the residual saturation (fraction of total pore space occupied 
by contaminant). As mentioned before, the residual contamination occurs primarily due 
to capillary (interfacial) forces outweighing viscous and buoyancy forces on the pore 
scale. Discrete ganglia (blobs or fingers) become trapped and are thought to be immobile 
(Imhoff, 1994), allowing the continuous dissolution into and contamination of the 
surrounding water phase. The residual saturation fails to capture pore scale information 
such as size and shape of trapped ganglia. Factors controlling trapping are porous media 
properties (geometry and wetting behavior), fluid properties (interfacial tension, density, 
viscosity, and phase behavior), pressure gradient, and gravity (Morrow, 1981). 
The forces governing the mobilization of ganglia include capillary, viscous, and 
buoyancy forces. Figure 2 is an illustration of an oil/water interface contained between 
solid boundaries. 
Water Oil 
Vo 
Figure 2: Diagram of oil/water interface stability in terms of Gaussian curvature (J) 
and volume of nearby oil (VQ). Adapted from Payatakes, 1982. 
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Payatakes (1982) gave a concise description of equilibrium of these types of interfaces 
that will be summarized here. Static equilibrium will exist in the given situation, 
neglecting gravity forces if: 
(1) Po - Pw = yow J —» Hydrostatic equilibrium between the oil and water 
(2) Yos = Yws + Yow cos6e —» Equilibrium at 3-phase contact line 
(3) (a) dJ/dVo > 0 —> Stability of interface in water-wet systems (Melrose, 1970) 
Now imagine the body of oil contained between two (or more) solid/water interfaces 
of the type shown above. The third criterion for equilibrium becomes (Gillette, 1974): 
(3) (b) J, = J2 and dJ,/dV0, + dJ2/dVo2 > 0. 
These are the equations for a stationary flow field. Consider now ganglia within a 
flow field (VP across the ganglion *0). In the case of only a downstream interface and an 
upstream interface, one can see that the pressure gradient would cause the downstream 
interface to recede (hygron) and the upstream interface to bulge into a pore throat (xeron) 
(Melrose, 1974). The viscous forces are acting to mobilize the ganglion, while the 
capillary forces are acting to, in essence, contain it in its current position (Payatakes, 
1982). The ratio of viscous forces to capillary forces is a common dimensionless 
number, the capillary number Ca: 
where gw is the aqueous phase viscosity,v is the aqueous phase superficial velocity, and 
o0w is the interfacial tension. It follows that there is a Ca at which viscous forces 
overcome capillary forces, and the ganglion is mobilized. 
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The effects of gravity on a ganglion can be introduced via the dimensionless Bond 
number, the ratio of gravity forces to capillary forces: 
Bq= S(P.~P. V 
where g is the gravitational constant, 1 is a characteristic length, and p is density. 
Ng and coworkers (1978) performed one of the first experimental studies of 
ganglia mechanics in a three-dimensional porous media. The goal of this work was to 
determine the critical value of the capillary number (liquid velocity) needed to mobilize 
an isolated immiscible ganglion. Experiments were performed in a transparent porous 
media consisting of 3.2mm diameter acrylic beads and a matching refractive index 
continuous fluid. The blob phase was either red or blue manometer oil. They were able 
to visualize and photograph movements of injected blobs. It was found that the 
experiments coincided well with theoretical predictions. The critical velocity is inversely 
proportional to viscosity of the continuous phase and to the length of the blob in the flow 
direction (Ng et al., 1978). 
Ng and Payatakes ( 1980) developed a model for predicting the mechanics of oil 
ganglion during an immiscible displacement. The probability of mobilization, breakup, 
and stranding per single rheon (xeron or hygron (Melrose, 1974)) is examined versus 
capillary number, initial size, and shape of the ganglion. The results indicate that per 
rheon, a large ganglion occupying more than 28 pore bodies will likely be mobilized or 
breakup at 10^> Ca > 10"3. Also, as the size of the ganglion decreases, the Ca for 
mobilization increases, with a Ca = 10"2 necessary for mobilization of a one pore body 
ganglion. Vizika et al. (1993) examined the effect of the viscosity ratio in oil 
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displacement in porous media using a similar network model. They found that the 
achieved residual saturation decreases with decreasing viscosity ratio even at very small 
capillary numbers. Further work by Avraam and Payatakes (1995) using a two-
dimensional chamber-throat network glass micromodel defined flow regimes for 
mobilized ganglia. Mirror images of chamber-throat networks were etched onto two 
glass plates and annealed together creating a two-dimensional model porous media. The 
model was initially saturated with oil, then both water and oil flows were introduced into 
the model. By varying water saturation, capillary number, the ratio of oil/water 
flowrates, and the oil/water viscosity ratio, different flow regimes for the oil ganglia 
could be defined. Large ganglion dynamics (LGD), in which the ganglion occupies ten 
or more chambers, occur at Ca = 10"7 and 10"6 and high water saturation. 
2.2 Dissolution of Ganglia 
2.2.1 Introduction 
The previous discussion is focused solely on immiscible ganglia mechanics in 
saturated porous media. For most practical purposes, the typical contaminant would be 
termed immiscible, however, most are slightly soluble in water, causing long term 
contamination problems. 
A one-dimensional mass balance equation can be written for water flowing 
through an area containing residual NAPL as follows (Geller and Hunt, 1993) 
= N —uf= +  D *£ <0 
dt m dx x 3x2 
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The first term represents the unsteady change in mass of NAPL in the water 
phase. The second and third terms on the right-hand side of the equation represent 
adjective and diffusive transport of the NAPL. The first term on the right-hand side of 
the equation is the focus of a great deal of interest. It represents the rate of mass transfer 
of NAPL from the NAPL/water interface. 
The rate of mass transfer across an interface is typically given as a function of 
interfacial area and concentration difference (Cussler, 1984). This relationship can be 
written as 
Nm = kA(C„-C,) (2) 
where A is the interfacial area, k is the mass transfer coefficient, C» is the concentration 
at the interface (for a pure NAPL at equilibrium, Cn = C$ aqueous phase solute 
solubility), and Ci is the bulk concentration of the solute. 
Three of the most common models used to describe the mass transfer coefficient 
are the stagnant film model, penetration model, and the random surface renewal model 
(Feenstra, 1996). The stagnant film model assumes the resistance to diffusion is 
contained within a stagnant film of a certain thickness (McCabe, 1993), where the mass 
transfer coefficient is proportional to the diffusion coefficient and inversely proportional 
to the thickness of the stagnant layer. The penetration model is analogous to transient 
heat conduction to a semi-infinite solid and results in the mass transfer coefficient being 
proportional to the square root of the diffusion coefficient. It is also proportional to the 
inverse square root of the penetration time, which is a function of fluid properties and 
geometry and is not easily measured (McCabe, 1993). The final model, random surface 
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renewal, is similar to the penetration model in that the square root of the diffusion 
coefficient relationship exists for the mass transfer coefficient. Along with the diffusion 
coefficient, a constant for the fractional rate of surface renewal is included in the square 
root. Again a similar problem arises in measuring experimentally the rate of surface 
renewal. 
Rather than attempt to measure the mass transfer coefficient, correlations are 
often used to describe the mass transfer process. These correlations are equations 
involving various dimensionless numbers including: 
Sherwood number => Sh = kd/D (ratio of total mass transfer to molecular mass transfer), 
Schmidt number => Sc = jl/pD (ratio of viscous effects to diffusion effects), 
Reynolds number => Re = dup/g (ratio of inertial effects to viscous effects), and 
Mass Transfer Peclet number => Pe = du/D (ratio of total momentum transfer to 
molecular mass transfer). 
Frequently, the Sherwood number is written as a function of one or more of the other 
dimensionless groups. 
Dissolution of a NAPL in a porous media is influenced by a number of factors 
including characteristics of the porous media itself, clearly the interfacial area of the 
NAPL in contact with water, the aqueous flow field, and blob geometry itself. Both 
theoretical and experimental techniques can be used to attempt to tackle this problem. 
Potential theoretical approaches will be discussed first followed by experimental methods 
and proposed empirical models. 
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2.2.2 Theoretical Models 
In 1980, Ng and Payatakes formulated a model for immiscible displacement 
mechanisms as mentioned before. The model consisted of a two-dimensional network of 
interconnected, randomly sized, constricted tubes. A constriction size distribution and 
various defining parameters were assigned and the fate (mobilization/breakup) of a single 
oil ganglion was simulated. Models of this type are known as network models. They are 
pore-scale models that strive to incorporate fluid mechanics into idealized pore structures 
consisting of interconnected pores and throats (Lowry and Miller, 1995). A pore radius 
distribution, a throat-radius distribution, a throat length distribution, and a description of 
the connectivity define network models (Lowry and Miller, 1995). Areas in which 
network models are deficient include limited coordination numbers (connectivity of 
nodes) (<6) and the ability to demonstrate ganglia-volume distributions when ganglia 
mobilization is considered due to computational expense limits. Despite this, valuable 
qualitative information has been acquired from network modeling efforts of immiscible 
displacement mechanisms (see above), however little published work has been found to 
date investigating dissolution of NAPL ganglia. 
In 1988, Hunt et al. theoretically examined ganglion lifetimes when the NAPL is 
subjected to increasing water flowrates. They used the Wilson and Geankoplis (1966) 
shrinking spheres mass transfer correlation: 
SA = 1.09—Pe033 
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This correlation was derived for solid spheres dissolving in a porous media. Oil ganglia 
trapped in porous media can unfortunately only correctly be approximated as spherical 
for ganglia occupying single pore bodies. The model also assumed mono-sized spheres, 
which neglects the diversity of ganglia sizes typically encountered. This model did, 
however, predict that for large spheres, rate-limited mass transfer would be significant. 
Powers et al. (1991) solved a one-dimensional convection-dispersion mass 
balance equation including a first order mass transfer rate relationship to model NAPL 
ganglia dissolution. A specific interfacial area in contact with water, a@, was presented in 
this work: 
ao=nS n (^ ) b f  
where (AAOb is the surface area to volume ratio of the blob and f is the fraction of the 
area exposed to mobile water. A sensitivity analysis was performed using the solution to 
the one-dimensional steady state form of the mass transfer equation (1) and idealized 
blob shapes including singlets, doublets (occupying two pore bodies), fingers, cylinders, 
and large spheres. The results of this analysis indicated that concentration profiles varied 
significantly with chosen blob shape and in order to obtain accurate concentration 
predictions, more blob shape and size information needs to be found (Powers et al., 
1988). The specific interfacial area was not incorporated into the numerical model due to 
the difficulty in quantifying the surface area to volume ratio and the fraction exposed to 
mobile water given in the above equation. This numerical model ultimately assumes 
15 
shrinking spheres and disregards the complex geometry typically encountered in these 
systems. 
A similar shrinking spheres approach was adopted by Geller and Hunt (1993). 
The difference in this model compared with that given in Hunt et al. (1988) is the 
assumption of a limited mass transfer zone length. In other words, upstream spheres will 
be dissolving, while downstream spheres will remain unchanged due to equilibrium 
solubility being reached within the mass transfer zone. It was then necessary to fit the 
model to experimental (toluene dissolution in a packed bed of glass beads) to extract the 
following three parameters: initial saturation, ganglia size, and the cross-sectional area of 
the NAPL zone. While this model provided a reasonably good fit to the given data, the 
predictive capabilities of a model such as this are limited. Furthermore, it was stated by 
the authors that 
"Further advances in NAPL dissolution kinetics will require improved theories 
supported by experimental data for NAPL ganglia size distributions, ganglia 
reconfiguration by flow, ganglia mobilization as droplets, and three-dimensional 
imaging of ganglia during dissolution" Geller and Hunt (1993). 
Overall, it is clear that theoretical modeling of NAPL dissolution is very useful. 
What is lacking in each of these models is a more accurate description of ganglia 
morphologies, distributions, and mechanics during a dissolution process. At this point, it 
would be informative to review previous and current experimental approaches to the 
NAPL dissolution problem and the models proposed from that work. 
16 
2.2.3 Experimental Studies 
Numerous experimental studies have been preformed to further elucidate the 
mechanisms, controlling factors, etc. of NAPL dissolution. They can be divided into the 
following categories: column dissolution studies, invasive/destructive methods, and 
finally non-invasive techniques. Each method has contributed substantially to the 
understanding of NAPL dissolution, and it is worth reviewing each of them and their 
results. 
2.2.3.1 Column Dissolution 
Column dissolution studies are successful in obtaining macroscale information 
during the dissolution process such as flowrates and concentrations, but are inadequate 
for describing pore-scale phenomena. There has also been some controversy surrounding 
NAPL emplacement procedures being representative of field-scale displacements. 
Despite these drawbacks, column dissolution studies that monitor effluent concentrations 
from a core of porous media over time, account for a significant portion of the 
experimental work done in this area. An advantage of column dissolution experiments is 
that actual soil packings can be used or idealized packings such as glass beads. Results 
of these studies are typically NAPL concentration versus time. The common trend in 
these plots is for the concentration to be at solubility concentration for a period of time 
and then drop off. Over long periods of time, the concentration will tail, but never 
completely disappear. 
A representative study is that done by Miller and coworkers (1990). These 
researchers monitored the dissolution of toluene in a packed bed of glass spheres. 
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Residual saturation of NAPL was obtained by adding a known volume of NAPL to the 
water saturated porous media and stirring the system with a spatula to obtain uniform 
distribution. Outlet concentrations of toluene were then monitored for different aqueous 
phase velocities. The mass transfer rate coefficient (Ki = kA) was calculated from the 
steady state solution of (1): 
Note that it is necessary to calculate the mass transfer rate coefficient rather than 
the mass transfer coefficient since there is no method for determining NAPL interfacial 
areas. Models correlating the dimensionless Sherwood, Reynolds, and Schmidt numbers 
along with the NAPL volume fraction (0„) yielded the following 
where Po,Pi, and P2 are fitted parameters. The parameter 02, associated with the volume 
fraction had the widest confidence interval. The factors influencing this parameter were 
not well defined, although the magnitude is certainly indicative of the rate of change of 
mass transfer rate with interfacial surface area. While this model fits the data well for the 
given column dissolution experiment, the emplacement procedure likely resulted in 
mostly small spherical oil ganglia, which is somewhat unrepresentative of actual ganglia 
shapes and sizes (Powers et al., 1992). 
(V-VV2+4D,K,)| 
Sh= /?0 Re^ 8^-Sc2 
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Bradford et al. (1998) employed one-dimensional column dissolution studies to 
examine the effects of varying wettability on entrapment and dissolution of NAPLs. It 
was found from this work that NAPL/water interfacial areas were likely increased due to 
varying wettability of the surface soil. Furthermore, it was reasoned that coarser textured 
soils resulted in large ganglia with low interfacial areas. 
An examination of both LNAPL and DNAPL dissolution using a column study 
was performed by Fortin et al.(1998). The DNAPL, once emplaced with water flowing 
downward, behaved almost ideally in terms of remaining at aqueous phase solubility, and 
indicated no NAPL movement. Conversely, the LNAPL appeared to become mobilized 
throughout the leaching process, resulting in small droplets in the effluent. The Geller 
and Hunt (1993) model for mass transport was used to model the data by fitting the initial 
NAPL sphere diameter. This resulted in a reasonably good fit to the data. 
Models derived from column dissolution experiments can usually be adequately 
fit to the given data, however, the predictive power of such models is questionable. 
Further insight into pore-scale mechanisms will likely be required to expand the current 
models to include information about ganglia shape and size distributions. 
2.2.3.2 Destructive/Invasive Techniques 
A novel technique utilized by a number of researchers to elucidate ganglia size 
distributions and shape information is in situ polymerization. This information is key in 
determining NAPL/water interfacial areas available for mass transfer. Typically, styrene 
containing a benzoyl peroxide initiator is the NAPL of choice for polymerization studies. 
Following entrapment of the NAPL, the core is subjected to high pressures (70 psi) and 
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temperatures (80 -85 °C) (Chatzis et al., 1983) to polymerize the styrene. The 
polymerized ganglia can then be recovered by draining the water and using acid to 
dissolve the sand. Chatizis et al. (1983) determined blob size distributions for residual oil 
in Berea sandstones (20-200 gm). They determined that more than half of the residual 
volume was most likely contained in singlets. Conrad et al. (1992) also examined ganglia 
sizes and shapes using this technique. Initiated styrene was gravity fed into a water 
saturated porous media consisting of quartz sand grains (-200 flm). In addition to 
determining size distributions, other experiments involved injecting an epoxy into the 
column to harden it, and then physically slicing the column to determine the positions of 
the ganglia. A quantitative analysis of the ganglia shapes and sizes could not be 
performed in this case, due to the fragility of the hardened ganglia. It was pointed out 
that this may have been the case for previous workers and those results could have been 
biased. Qualitatively, however, it was concluded that a bulk of the residual saturation 
was contained in large, highly branched ganglia and that an appropriate equivalent sphere 
size needs to be developed to determine accurate mass transfer coefficients (Conrad et al., 
1992). Note that this conflicts with the results of Chatzis et al. (1988). 
Mayer and Miller (1992), using glass beads as the porous media, performed 
similar work. In this work, however, the styrene was not polymerized via exposure to 
high temperatures and pressures. Rather, gamma radiation was used to induce 
polymerization in order to minimize NAPL property changes due to initiators or 
temperature changes. Size fractions were determined through sieve analysis for different 
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sizes of porous media (glass beads). A shape factor was introduced to measure the 
deviation in the shape from that of a sphere 
6v, 
where vy is the average blob volume for a size fraction and 1 is the measured blob length 
(sieve opening size) for a size fraction. It was found that the shape factor approached one 
for small ganglia. They reported a very narrow distribution of blob sizes for a given 
porous media. It's possible that the discrepancy in the results of these workers is due to 
the uniformity of the porous media itself (natural porous media versus idealized bead 
packings). Mayer and Miller (1992) also introduced an empirical relationship to describe 
the relationship between blob length and volume 
yr(f) = ct+c2 exp(-c3 v(/) / v(d^ )) 
where the shape factor is the same as that given above; v(l) is the volume of a sphere of 
diameter 1; and v(dp) is the volume of a sphere with diameter equal to the mean particle 
diameter, dp. 
Powers and coworkers (1992,1994a, 1994b) have implemented this technique 
extensively to develop more accurate empirical descriptions of NAPL dissolution. It 
was determined that a greater volume of NAPL becomes trapped in graded soil as highly 
branched ganglia than in a uniform silica sand which contained mostly high surface area 
singlets. The following phenomenological model for steady state mass transfer rates was 
presented to describe the Sherwood number. 
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Sh' = 57.7 Re0*61 d064U 041 i 
where Sh' is a modified Sherwood number (k'(d2)/Di. with k' = ka, d = grain diameter, 
Dl = free liquid diffusivity, and U, = grain uniformity index. Interestingly, unlike the 
model proposed by Miller et al. (1990), the modified Sherwood number is not correlated 
to the volumetric fraction of NAPL or the Schmidt number. When the Powers model was 
compared with measured dissolution rates, it was found that it predicted higher rates of 
mass transfer than what was measured. The model given by Miller et al. (1990), 
however, tended to underestimate the actual rate of mass transfer (Powers et al., 1992). 
What becomes clear is that the interfacial area available for mass transfer is playing a 
powerful role in the dissolution process and more experimental data needs to be 
accumulated in this area. The Powers model was further developed to account for 
transient mass transfer rates and can be written as follows: 
Sh' = S^2 ufi-i 
10 
n 
o 
Note that the grain size, Ô, has now been incorporated, along with the volumetric NAPL 
fraction. The coefficient P4 is assumed to depend on blob shape and was computed for a 
number of idealized blob shapes (sphere, cylinder, and disk). A correlation for P4 was 
developed based on the grain size and uniformity index. Further work by Powers et al. 
(1994) that involved monitoring naphthalene sphere dissolution, resulted in the following 
Sherwood number correlation: 
Sh = Re0654 
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This, along with a specific interfacial area relationship determined by polymerized NAPL 
sieve fractions, were incorporated into a form of the one-dimensional NAPL dissolution 
transport equation (1). The model was calibrated to fit experimental data using a 
parameter that accounts for the amount of surface area in contact with mobile water and 
actual blob geometry. 
It is evident from the above analysis that polymerization techniques are useful in 
gaining a "snap-shot" representation of NAPL ganglia shape and size distributions. It's 
also clear that a better understanding of these properties over time is required to elucidate 
a complete model of NAPL dissolution in porous media. 
2.2.3.3 Overview of Non-Invasive Techniques 
Non-invasive experimental techniques for the study of NAPLs in porous media 
can be divided into two sub-categories, two-dimensional and three-dimensional studies. 
Two-dimensional techniques typically involve some form of porous media 
sandwiched between a set of transparent plates. In order to capture pore-scale 
phenomena, researchers have utilized a single layer of glass spheres to model the porous 
media (Payatakes, 1982; Hinkley et al., 1987; Schwille, 1988;Wilson et al., 1989). 
Further research has involved etching mirror image networks of pores and throats (See 
Figure 3) onto the glass plates using acid and fusing the plates together. 
Typical experiments involve filling the system with water, flooding with dyed oil, 
and then displacing the oil with water to obtain a residual saturation. Images are captured 
of the network at various times and analyzed to investigate the mechanism of interest. 
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Wardlaw (1982) studied immiscible trapping in a single pore with one outlet and 
one inlet throat etched in glass, and determined that trapping occurs when interfacial 
forces are sufficiently strong to outweigh viscous forces. Chatzis et al. (1983a) utilized a 
glass network model similar to the one shown above to further study immiscible 
displacement mechanisms. It was concluded from these studies that a high pore 
body/throat ratio resulted in mostly singlets being trapped. 
Figure 3: Typical network of pores and throats to be etched on glass plates. 
Triangular ends represent flow distribution reservoirs. 
Also, the effect of the coordination number (connectivity) on trapping, was 
determined to be negligible compared to aspect ratio and pore size distribution effects. 
Various other researchers have used pore network glass micromodels to successfully 
study two-dimensional immiscible displacement mechanisms (Chatzis et al., 1983b; 
Wilson et al., 1990; Avraam et al., 1994; Avraam and Payatakes, 1995a, 1995b, 1999). 
While this appears to be an ideal system for two-dimensional NAPL dissolution studies, 
very few works have been published to my knowledge. Corapcioglu et al. ( 1998) 
monitored the dissolution of TCE in two-dimensional micromodels. This group kept 
24 
track trapped NAPL two-dimensional areas and perimeters, and determined mass transfer 
coefficients from 
t m i <i. 
3' C C„ 
where A is the surface area of the blob and PM is the total interfacial perimeter of residual 
NAPL. It was shown that the mass transfer coefficient changed very little with 
decreasing residual saturation, however the mass transfer rate coefficient (k* = ka) tended 
to decrease with decreasing residual saturation. This result indicates that the area 
available for mass transfer is decreasing over time, however, one would surmise that as 
the interfaces recede, there would be more area available per unit volume for mass 
transfer, thereby increasing the mass transfer rate coefficient. Herein lies the 
shortcoming of two-dimensional work. Dissolution is a three-dimensional process and 
two-dimensional studies are simply going to miss some of the key elements. 
Non-invasive three-dimensional experiments to investigate NAPL dissolution in 
porous media include the use of gamma attenuation (Imhoff et al., 1994), X-ray 
tomography (Imhoff et al., 1996), and NMR imaging (Baldwin and Gladden, 1996). 
These methods typically monitor NAPL saturation profiles in a relatively small packed 
column. Imhoff et al. (1996) presented yet another mass transfer correlation for TCE 
dissolution in a porous media: 
Sh = 34O0„° 87 Re0'71 (—)~31 
dP 
where x is the distance into the column and dp is the mean particle diameter. Inclusion of 
the x/dp term into the model resulted in a marked improvement in predicted versus 
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measured values of the Sherwood number, although there was no theoretical reason for it. 
Baldwin (1997) hypothesized that the dependence of mass transfer on length could be 
due to dissolution-induced displacement. As ganglia dissolve upstream, they will be 
displaced to downstream positions, making it appear that little dissolution has occurred 
downstream while rapid dissolution is occurring upstream (Baldwin, 1997). However, 
Imhoff et al. (1994) explicitly stated that there was no significant mobilization of TCE 
droplets. Clearly this is an area of controversy that needs to be investigated further at the 
pore scale. 
2.2.3.4 Planar Laser-Induced Fluorescence and Refractive Index Matching 
One of the first successful attempts at visualization of multi-phase flow in porous 
media was the set of experiments done by K. M. Ng and coworkers. A transparent 
porous medium was created using spherical plastic beads and a continuous fluid mixture 
of glycerol and water. The refractive indices were matched yielding a transparent 
system. Manometer oil was dyed and injected into the bead pack to form individual 
blobs. Photos were taken from four sides of the pack. Continuous fluid velocities 
required to induce mobilization were measured versus blob length and liquid viscosity 
(Ng et al., 1978). 
In 1986, Chen and Wada, reported another method for visualizing multi-phase 
flow in a transparent porous media. Quartz particles with a refractive index of 1.458 
were matched to both an aqueous phase solution and an oil phase solution. The actual 
solutions used were not reported. The natural fluorescence of the solutions could be 
exploited by exposing the system to a 2 dimensional plane of laser light, and capturing an 
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image of a slice from within the system. While they were successful in demonstrating a 
new technique for visualization of liquid phase distributions in a porous medium, there 
was no further quantification of the results. 
Illumination of a sample by a planar laser light sheet in order to capture images is 
known as planar laser induced fluorescence (PLIF), although a similar setup has been 
referred to as photoluminescent volumetric imaging (PVI) (Montemagno and Gray, 
1995). The system involves using various lenses to manipulate a laser beam into a 2 
dimensional plane of laser light. In the case of multi-phase flow in porous media, the 
refractive indexes of all the phases involved need to be matched to avoid refraction of the 
incoming laser plane. The liquid species of interest is typically dyed in order to emit light 
at a wavelength other than that of the incoming laser light. Images of individual slices 
anywhere within the media can be captured by a camera positioned perpendicularly to the 
plane of laser light. By precisely translating the camera and light source (or the sample 
itself), a set of 2-D images can be acquired that, when stacked together, give a 3-D 
representation of the system. 
While PLIF (or PVI) allows for the non-intrusive visualization and measurement 
of multiphase flow in porous media at the pore scale, it has not been extensively 
implemented experimentally. Montemagno and Gray (1995) demonstrated the use of 
PVI for multiphase flow in porous media. Optical quality fused silica along with various 
unreported aqueous and organic fluids created the transparent system. In order to 
monitor the fluid interfaces, both fluids were doped with fluorophores that were excited 
by the incoming plane of laser light, highlighting the fluid interfaces. The recorded 2 
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dimensional images were then in effect stacked to create a volumetric data set. The 
technique was demonstrated in a system with no flow and no quantification of the results 
was done. 
Single-fluid phase flow and transport processes in porous media have been both 
examined and quantified. A transparent aqueous phase system was constructed using 
crystals of the fluoride salts NaF and Lif as the solid phase and sugar water as the 
aqueous phase (Rashidi et al., 1996). By tracking fluorescent microspheres seeded in the 
flow, known as particle tracking velocimetry (PTV), velocity field measurements could 
be taken. An organic dye was also introduced into the media, and its concentration was 
monitored using PLIF. This also allowed the researchers to visualize the pore geometry. 
Single-phase organic fluid flow through porous has similarly been examined by a few 
researchers (Rashidi et al., 1996, Northrup et al., 1991). These systems typically consist 
of a mixture of silicon oils flowing through a bed of polymethylmethacrylate spheres. 
Techniques such as particle image velocimetry (PIV) and PTV were employed to 
determine velocity fields. Again, pore geometry could be determined with these systems. 
Mannheimer and Oswald (1993) constructed a transparent porous media 
consisting of consolidated amorphous silica and refractive index matched fluids. The 
idea was to create transparent media with permeabilities and porosities comparable to 
those of real soils. They were quite successful in the development, however the true 
value of this media was never fully realized in that monitoring of flow processes by PLIF 
was proposed but never reported. 
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23 Low frequency sonication as a remediation technique 
As the environmental impact of NAPL trapped in subsurface environments 
becomes more relevant, numerous new technologies emerge to tackle this problem. 
Elastic wave stimulation is a technique that has shown promise in the field, but has not 
been thoroughly investigated in the laboratory. The most comprehensive review of both 
laboratory and field work done with elastic wave stimulation is presented by Beresnev 
and Johnson (1994). The reader is referred to this article for general background 
information, but a few relevant issues will be discussed here. Interestingly, the concept 
of elastic-wave stimulation as a possible remediation (or enhanced oil recovery (EOR)) 
technique originated purely in the field as opposed to the laboratory. A number of 
investigations studied the effects of earthquakes on oil production. It was found that 
while some wells displayed increased oil production, others showed no change, or even 
decreases in production. Since the mechanisms behind these effects are unknown, it is 
impossible to predict the effects of elastic waves on a given reservoir. 
The effects of high frequency (ultrasound) waves have been studied to a greater 
extent in the laboratory setting. The findings of most of this type of work indicate that 
cavitation is the most probable cause of increased permeability and/or flow. The effects 
of ultrasonic stimulation are also typically limited to a small radius (-20 cm) limiting its 
effectiveness as a field scale tool (Roberts et al., 2001). 
There has been very little quantitative study, however, on the effects of low-
frequency excitation and results tend to be mixed and somewhat inconclusive. An 
examination of the effects of physically vibrating or shaking a packed column system 
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was performed by Reddi and Challa (1994). The conclusions of this work were that 
enhanced remediation was achieved through disturbance of the pore structure and 
subsequent mobilization of the NAPL. It is unclear if this change to the pore structure 
itself is a mechanism occurring on the field scale. 
Simkin and Surguchev (1991) examined the effects of elastic vibrations in glass 
micromodels. Their findings indicated that the residual oil saturation decreased by 
approximately 40 % within only 6 minutes due to elastic vibrations, however no mention 
was made of the frequency or intensity of the applied vibrations. They were able to say 
that the oil droplets initially experienced coalescence and mobilization due to the 
vibrations and eventually, the remaining smaller droplets began to breakup. This work 
gives us some insight into the different potential mechanisms behind the success of this 
technique. 
In addition to the work reviewed by Beresnev and Johnson, Roberts et al. (2001) 
performed a more recent study. In this study, mechanical stress stimulation was applied 
to a water-saturated sand core containing trapped NAPL at frequencies ranging from 25 
to 100 Hz. For most cases, free phase TCE was found in the effluent stream due to the 
stimulation. This resulted in concentrations much greater than the saturation limit. It 
appears also that increasing the amplitude of the stimulations increased the concentration 
of TCE in the effluent. This was primarily attributed to mobilization of the TCE. 
However, it is quite possible that the stimulations had the effect of increasing the mass 
transfer between the phases. 
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While there are postulations as to the mechanisms behind enhanced NAPL 
removal via sonic pulsations, experimental data is limited. One theory that has garnered 
some interest is that a resonance frequency is generated which leads to instabilities in the 
blob configuration (Hilpert et al., 2000). This occurs when the fluid and the solid 
oscillate out of phase (Hilpert et al., 2000). This theory is an extension of the concept of 
resonance of fluids in capillary tubes. For instance, Hilpert et al. (1997) predict a 
resonance frequency of 45 Hz for water in a capillary tube with radius 0.5 mm. It is 
assumed that these resonance frequencies would also exist for the more complicated case 
of a random porous media. However, it has been suggested by Hilpert et al. (2000) that 
resonances only occur in coarse-grained media. This would present a limitation of this 
technique in the field. They show a trend indicating that the resonant frequency 
decreases for increasing particle diameter. This indicates that for larger media, 
stimulations would need to occur at increasingly lower frequencies. It is also unclear as 
to what happens to the ganglia once they become unstable. One possibility is that the 
ganglia break up into smaller pieces and become mobilized. Another is that rather than 
breaking up, the ganglia are actually pulled together and coalesce. This larger ganglion is 
then thought to slowly move from the system. The true mechanisms are as of yet 
unknown and require further laboratory investigation to optimize field scale technologies. 
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CHAPTER 3. PORE-SCALE STUDY OF NON-AQUEOUS 
PHASE LIQUID DISSOLUTION IN POROUS MEDIA 
USING LASER INDUCED FLUORESCENCE 
A paper submitted to the Journal of Colloid and Interface Science 
Mirrya M. Fontenot and R. Dennis Vigil 
Abstract 
Little quantitative, experimental pore-scale information exists regarding non­
aqueous phase liquid (NAPL) ganglia undergoing dissolution in porous media. By using 
refractive index matched fluids and porous media, we have been able to non-intrusively 
visualize NAPL dissolution (at constant capillary numbers) in three-dimensions using 
laser-induced fluorescence. The results provide dynamic, quantitative information 
regarding ganglia surface area, volume, position, and shape. It appears that ganglia 
smaller than a few pore volumes are spheroid, whereas larger ganglia exhibit a fractal 
area to volume scaling. Evidence of ganglia breakup is found for all capillary numbers 
studied. Mobilization, however, is only important at higher capillary numbers. 
Keywords: Transport processes, Porous Media, NAPL, Mass Transfer, Imaging, 
Dissolution 
1. Introduction 
Multiphase flow in porous media is important in many processes of practical 
interest including heterogeneously catalyzed multiphase chemical reactions and enhanced 
oil recovery from reservoir rock using flooding techniques. Subsurface aquifers may also 
become examples of multiphase flow in porous media due to surface spills and leakage of 
organic species from underground tanks. These chemicals often have low enough 
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aqueous solubility to exist as non-aqueous phase liquids (NAPLs), but their dissolution 
rate is sufficiently large to degrade water quality and to cause long term contamination 
(1,2). Commonly detected groundwater contaminants include gasoline, fuel oils, and 
halogenated hydrocarbons such as trichloroethylene. 
Until relatively recently, most experimental studies of NAPL ganglia transport 
focused on obtaining macroscopic information from measurements of continuous phase 
fluid properties (e.g. contaminant concentration in the aqueous phase), rather than on 
pore-scale information such as NAPL geometry or interfacial configurations (3-7). As a 
representative example, Miller and coworkers (3) monitored the dissolution of toluene 
ganglia in a packed bed of glass spheres. Outlet concentrations of toluene were recorded 
over time for various aqueous phase velocities. Mass transfer rate coefficients (Ki = ki A) 
were then calculated by fitting a one-dimensional continuum material balance model to 
the exit concentration data. Note that it is necessary to calculate the mass transfer rate 
coefficient rather than the mass transfer coefficient in such studies, because exit 
concentration experiments do not yield information regarding NAPL-aqueous phase 
interfacial area, which in turn depends upon ganglia size distributions, morphology, and 
solid wetting. The problem is further complicated by the fact that ganglia shapes and size 
distributions (and therefore interfacial area) are dynamic quantities. Despite these serious 
limitations, several investigators have developed mass transfer coefficient correlations in 
terms of NAPL volume fraction and Sherwood, Reynolds, and Schmidt numbers, in 
analogy with mass transfer coefficient correlations developed for simpler flow situations 
(e.g. 3,7,8, and 9). 
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The above discussion illuminates a fundamental problem with experimental 
techniques that focus solely on exit flow data: they cannot probe for pore-scale 
information concerning the complex interplay between continuous phase fluid flow and 
NAPL dissolution, breakup, migration, and coalescence. As a consequence of these 
limitations, there has been increased interest in pore scale computational and theoretical 
models (e.g. 10-15). However, information needed to validate such models is often 
lacking and includes, but is not limited to, pore and neck size distributions, mass transfer 
coefficients, and interfacial areas. 
Some of the experimental attempts to gamer pore scale information concerning two-
phase flow include the use of two-dimensional pore/throat network micromodels (e.g. 14, 
16-18) and in situ polymerization techniques (e.g. 8,19,20). An advantage of the first of 
these methods is the ease of direct visualization of pore scale interactions, but the lack of 
three-dimensional representation of a realistic pore network is a significant limitation. 
Techniques that involve polymerizing the NAPL are useful in gaining a "snapshot" of 
pore-scale processes, but they cannot be used to study system dynamics because they 
destroy the media. In order to gain dynamic pore-scale information, a non destructive 
probing technique is required. 
Some noninvasive methods to examine multiphase flow in porous media include 
NMR imaging (e.g. 21-23), gamma attenuation (24), X-ray tomography (25), and planar 
laser-induced fluorescence (PLIF) (26,27). Recently, Johns and Gladden (22,23) have 
performed MRI studies using an octanol and water system to specifically examine 
dissolution and to quantify three-dimensional data. The packing media consisted of 
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spherical glass ballotini. Ganglia dissolution was followed at Capillary numbers ranging 
between 2xl0"5 and 7x10~5, and the technique enabled the acquisition of saturation, 
ganglia volume, and area data versus time. 
In contrast to MRI or NMR imaging, the relative simplicity and low cost of planar 
laser-induced fluorescence makes the technique attractive. However, it suffers from the 
disadvantage that it requires all phases to be refractive index matched, which severely 
restricts the range of materials that can be studied. Nevertheless, the successful 
application of PLIF to liquid-liquid-solid systems will not only enable the study of 
fundamental pore scale processes in flow through porous media, but it also will have 
broader applications for flow visualization (such as particle image velocimetry) in other 
multiphase flows problems. 
Although PLIF has previously been used extensively for fluid imaging, only 
relatively recently has the technique been developed to access volumetric data. 
Montemagno and Gray (27), who refer to the technique as photoluminescent volumetric 
imaging (PVI), improved Chen and Wada's original technique by adding a dye to the 
fluid phase of interest. Two-dimensional images anywhere within the media can then be 
captured by a camera positioned perpendicularly to the fluorescing plane. By precisely 
translating the camera and light source (or the sample itself), a set of images can be 
acquired that, when stacked together, give a three-dimensional rendering of the system. 
While PLIF (or PVI) has been demonstrated to be a viable technique for obtaining non-
intrusive visualization and measurement of multiphase flow in porous media at the pore 
scale, it has not been implemented extensively and quantification of acquired data has not 
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been reported. For example, Montemagno and Gray made no provision for fluid flow 
through the bed (silica packing) and they used unidentified and immiscible organic and 
aqueous phases. 
In this work we further improve on the method by applying volumetric imaging 
software to extract quantitative pore-scale information from a refractive-index matched 
system consisting of two immiscible fluids and a solid phase. In addition, the packing 
chosen for this work is randomly crushed quartz particles. This results in complex pore 
structures in contrast to those created by using spherical particles (as in 22,23). 
Furthermore, we show that the addition of a suitable surfactant provides increased 
solubility for the trapped organic ganglia, while still maintaining phase immiscibility. 
Hence, we are able to observe the course of dissolution experiments from beginning to 
end and over a practical time scale. 
2. Experimental Details and Procedure 
The flow cell used in this study consists of a 2" x 2" x 6" fused quartz cell as shown 
in Figure 1. Two stainless steel wire mesh screens support a bed of crushed quartz that 
has a mesh size distribution of 1.68 mm to 2.38 mm. The screens in turn are supported 
by four 1-inch quartz posts. The reservoir areas at either end promote evenly distributed 
flow through the bed. The top of the box is sealed with a viton gasket held in place by 
plastic cinch ties. The porosity of the quartz bed (e = 0.44) is determined by 
volume/density methods. Obviously these particle sizes are not typical of soil or reservoir 
porous media, but the relatively large pore spaces can easily be imaged with standard 
optical equipment. 
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The choice of fluids is limited by the refractive index. At 25 °C, solutions of 
ammonium thiocyanate (NH4SCN) in water are mixed at various concentrations in order 
to manipulate the refractive index. Crushed quartz is then added to the solutions and 
exposed to the light sheet from a 1-Watt argon laser. Refractive index is measured using a 
Bausch and Lomb refractometer and images of the system are acquired to determine the 
ammonium thiocyanate concentration that results in the best resolution and lowest 
scattering. The optimal refractive index is found to be 1.457, corresponding to an 
ammonium thiocyanate concentration of approximately 500g/L. 
The organic fluid used in this study is 1,5 - dichloropentane, which has a measured 
refractive index of 1.455. Some properties of this material are shown in Table 1. In initial 
experiments with this system, it became apparent that the solubility of the NAPL was too 
low to observe the dissolution process in its entirety on a practical time scale. To 
circumvent this problem, a nonionic surfactant is added to the aqueous solution (0.1 wt%) 
to increase the apparent solubility of 1,5 - dichloropentane without altering the refractive 
index significantly. The interfacial tension decreases to 10 dyn/cm upon addition of the 
surfactant. Trace amounts (< 1 mg/500 ml) of the fluorescent dye Nile Red (Molecular 
Probes) are also added to the organic fluid. At these low concentrations the dye has 
negligible effect on the fluid properties. It should also be noted that this is not a 
fluorescent tracer experiment. The purpose of the addition of the dye to the organic phase 
is to make only one phase in the system visible when exposed to an illumination source. 
A 1-Watt multi-line air-cooled argon laser (Laserphysics Reliant 1000M) provides 
the illumination source. The wavelength spectrum of this laser ranges from 457 nm - 514 
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nm, and further filtering is unnecessary. The fiber optic light delivery system (Oz Optics) 
consists of a laser to fiber coupler, a fiber optic cord, a fiber optic collimator, and a line 
generating lens. The Powell lens provides a uniform light intensity along the entire line. 
The fan angle for the output laser line is 30 degrees and the line width is 1 mm. 
Black and white images of the cell are captured using a Panasonic BP500 CCD 
camera (682 (H) x 492 (V) pixels) connected to a framegrabber (Matrox Meteor 2) 
installed on a PC. The camera and the line-generating lens are mounted perpendicularly to 
each other on a platform, as shown in Figure 2. The platform is mounted on a translation 
stage powered by a programmable stepping motor (NEAT). Custom software allows the 
user to input the number of images per scan, time between scans, and step distance in 
microns. The minimum time delay between image captures is 1.5 seconds, which is 
mostly due to the translation of the camera. Therefore an entire scan of the flow cell 
observation volume (SO images) takes less than 2 minutes, which is sufficiently fast so 
that no significant changes occur within the system during the data collection intervals, at 
least at the flow rates studied. 
Fluid flow through the packed bed is driven by a Masterflex peristaltic cartridge 
pump. Vertical holding columns are located both upstream and downstream of the cell to 
dampen pulses from the pump and to allow easy verification of equal inlet and outlet flow 
rates. Exiting fluid is recycled through a settling tank in order to separate and recover 1,5 
dichloropentane. 
Prior to introduction of liquid into the packed bed, low-pressure carbon dioxide gas 
is allowed to flow over the bed for approximately 10 minutes. This serves to displace 
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most of the air from the pore network with a gas of higher solubility in the aqueous phase. 
The aqueous liquid is then introduced into the column at 5 ml/min. The low flow rate 
minimizes bubble trapping. 
The dyed organic liquid, 1,5 dichloropentane, is then introduced into the bottom of 
the column at the flowrates indicated in Table 2. Since 1,5 dichloropentane is less dense 
than the ammonium thiocyanate solution, both the pressure gradient and buoyancy forces 
cause the organic phase to flow upward through the column. When pore spaces are filled 
primarily with organic liquid, as determined by visual inspection, organic flow is 
discontinued, aqueous flow is restarted (see Table 2 for flowrate and Capillary number 
information) in the same direction, and data collection commences. A constant Capillary 
number is maintained throughout the emplacement and dissolution processes for 
experiments B-D. In addition, the Bond number is the same for all experiments. 
Following completion of a dissolution experiment, the column is taken apart, cleaned and 
repacked in a consistent manner. 
The acquired images are cropped to minimize wall boundary effects. Volumetric 
information is retrieved from each data set using a volume rendering and analysis package 
(VoxBlast 3.0 — Vaytek, Inc.). Two-dimensional image slices are stacked to form a 
volumetric data set, with interpixel resolutions of 0.13 mm and interslice resolutions of 
0.5 mm, thereby giving an aspect ratio (interslice/interpixel) of 3.85. For each time 
sample, 50 two-dimensional images (representing approximately 40 % of the total 
column volume) are volumetrically rendered to visualize, in three dimensions, the ganglia 
trapped within the column. Figure 3 shows an example rendering of trapped oil ganglia 
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after 90 hours elapsed in experiment A. The surface area and volume of individual 
ganglion are obtained by using bilinear interpolation between slices to calculate 
trapezoidal surface elements. Ganglia center of mass x-y-z coordinates are also acquired. 
The latter data introduces the possibility of individual ganglion position tracking within 
the observed portion of the column. 
3. Validation and Accuracy of the Method 
In order to determine the accuracy of the experimental method and the imaging 
software calculations, an experiment is conducted in which a single ganglion with known 
volume was injected into the column after first saturating the bed with aqueous solution. 
A gas chromatograph needle is used to carefully insert the ganglion (which consisted of 
0.50 ml of dyed organic fluid) into the center of the column with minimal disturbance of 
the packing. No fluid flow is applied to the bed in this instance in order to ensure that the 
ganglion remained static. A three-dimensional rendering of the ganglion is shown in 
Figure 4. Notice that, despite efforts to inject only a single ganglion, several small blobs 
surround the main ganglion. 
An important factor in determining the ganglia volume and surface area is the 
choice of thresholding limits used to identify volume elements belonging to the ganglia. 
Figure 5 depicts total ganglia volume as a function of the lower gray-scale thresholding 
limit (the upper limit was always taken to be 255). It can be seen that as the lower 
thresholding limit becomes greater than 160, a plateau is reached. In fact, this region is 
fit well by a line with slope -0.0036 for lower thresholds in the range 160 to 250. The 
calculated ganglia volume corresponding to the midpoint (205) of this linear region is 
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0.57 ml, which is 14 % higher than the actual value of 0.50 ml. The overestimation of 
ganglia volume is likely a consequence of a combination of resolution limitations and the 
use of simple bilinear interpolation between image planes. It would be expected that the 
true ganglia volume would be bracketed by calculated ganglia volumes corresponding to 
thresholds at either end of the plateau region (lower thresholds of 160 and 250); indeed 
these are given by 0.75 ml and 0.41 ml, respectively. 
An analysis of the sensitivity of calculated ganglia volume to the choice of the 
lower threshold for the dissolution experiments described later yields nearly identical 
results (a plateau is reached for lower thresholds ranging between approximately 160 and 
250; the slope is consistently almost the same as in the above discussion). Hence, the 
ganglia volume and surface areas were in all cases calculated using a lower threshold in 
the middle of the plateau region (205). These likely overestimate ganglia volumes (by 
approximately 15%) and underestimate surface area, but it is reasonable to expect that the 
changes in these quantities over the course of a dissolution experiment are accurate. 
Repetition of a dissolution experiment gave very good results in terms of 
repeatability. Fitting the results to a least squares model resulted in only the time factor 
being significant (t > 3). 
4. Results and Discussion 
Bulk Information 
Bulk information (totals in the entire imaged volume) obtained from the dissolution 
experiments is shown in Figures 6-8, which depict normalized ganglia volume, surface 
area, and number of ganglia as functions of time for all of the flow conditions studied. In 
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contrast, a conventional column dissolution study would monitor outflow organic phase 
concentrations, thereby yielding only total ganglia volume changes. The initial 
conditions used for normalization are given in Table 2. Time is plotted on a log scale for 
ease of comparison of experiments using different aqueous phase flowrates. 
Examination of Figures 6-8 shows that there is an initial increase in volume in 
experiment A. After data collection begins (simultaneous with switching from organic to 
aqueous feed), the total ganglia volume within the imaged part of the column increases by 
approximately ten percent in these runs, whereas the surface area and total number of 
ganglia remain relatively constant. The initial increase in volume for experiment A can be 
explained by the fact that when the feed is switched from the organic to the aqueous 
phase, a volume of approximately 4 cubic inches of organic phase still remains in the 
reservoir upstream of the packing. Since the aqueous phase was pumped at a lower flow 
rate for these runs than the flow rate used to load the column with the organic phase, the 
lighter organic fluid remaining in the reservoir is effectively pushed through the column 
at a lower capillary number, which results in additional ganglia entrapment. It is also 
likely that some of this more slowly flowing organic fluid coalesces with existing ganglia, 
which explains the roughly constant surface area and number of ganglia. This 
phenomena does not appear in the cases of experiments B, C, and D since the Capillary 
number was held constant throughout all phases of the experiment. 
Table 2 indicates that all experiments began with similar (although not identical) 
volumes of trapped NAPL in the zone of interest. Experiment D has much smaller initial 
conditions than the other experiments. This is likely due to the high flowrate used for 
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emplacement of the NAPL ganglia. The increased flowrate results in mostly small, 
compact ganglia. In the case of experiments C and D (highest Capillary numbers), there 
is an almost exponential decay in the dissolution curve (Figure 6). As Capillary number 
is decreased, as in experiments A and B, the time for complete dissolution increases. This 
is in accordance with the results from previous investigations regarding the influence of 
aqueous flowrate on dissolution (22). Since the emplacement procedure was different for 
the experiments, it is possible that the initial conditions could also impact the final 
results. 
The evolution of total ganglia surface area is illustrated in Figure 7. For 
experiments B through D, a trend similar to that observed for total volume is seen. 
However, for experiment A, the total surface area begins increasing after approximately 
2000 minutes without a corresponding increase in volume (in fact the volume is 
decreasing at this point). In addition, Figure 8 indicates that the total number of ganglia 
within the system is simultaneously increasing. The decrease in total volume is likely due 
to both dissolution and mobilization. It is possible that more ganglia are leaving the 
observation volume because of mobilization than are entering, due to the depletion of 
upstream ganglia. The simultaneous increase in surface area and number of ganglia in 
this regime suggests that ganglia are also undergoing breakup. There isn't evidence of 
this phenomena at Capillary numbers greater than 10"6. This is likely due to the lack of 
large, highly ramified ganglia at higher flowrates. Further evidence that this is the case is 
provided by Figure 9, which shows that for experiments B and C, the average volume per 
ganglion is almost half that for experiment A, with experiment D being even smaller. 
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These findings are consistent with the interpretation that at relatively high capillary 
numbers, ganglia quickly assume compact shapes, whereas for low capillary numbers, 
large ganglia persist longer in highly ramified configurations. 
In the late stages of all four dissolution experiments, the volume, surface area, and 
number of ganglia simultaneously decrease. This suggests that ganglia breakup is 
diminished or absent, and that dissolution and/or mobilization are the dominant 
processes. 
Spatial Heterogeneity 
It is also possible to examine the spatial distribution of ganglia throughout the 
imaged portion of the column at various times during an experiment, as is depicted in 
Figure 10. Figure 10 shows that the volume is relatively evenly distributed throughout 
the column in cases A and B. In Cases C and D (higher Capillary numbers), however, 
ganglia are not uniformly distributed and there is a visible trend of increasing downstream 
volume. This is also evident from a plot of the number of ganglia as a function of axial 
position in the observation zone, as shown in Figure 11. With the exception of 
experiment A, there is evidence of ganglia mobilization in the early stages of each 
experiment. This is illustrated by the progression of a volume maxima downstream. 
However, during late stages of dissolution, the volume decreases monotonically 
throughout the column, and mobilization is likely not a factor. Ganglia breakup, in 
contrast, is evident in Figure 11, especially for the higher Capillary number experiments. 
This conclusion is supported by the fact that the number of ganglia goes through a 
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maxima at each position along the length of the column without a corresponding increase 
in volume. 
Ganglia Morphology 
The acquisition of individual ganglia surface area and volume information also 
provides a means for characterizing ganglia morphology. For Euclidean objects, which 
are perfectly space filling, the relationship between area and volume is given by: 
A « V2'3. This relationship may be generalized by replacing the 2/3 exponent with the 
ratio of the area and volume fractal dimensions, dA I dv . As objects become increasingly 
ramified, this ratio approaches unity. The fact that ganglia must be characterized by both 
an area and volume exponent has not been generally appreciated. For example, Johns and 
Gladden (23) recently obtained volume and surface area data using MRI techniques and 
simply related the area and volume by an exponent D/3, where D is clearly the area fractal 
dimension. In effect, they assume that the ganglia scaling is Euclidean with respect to 
volume, but fractal with respect to area. Such an assumption is neither warranted nor 
necessary. 
As the above discussion suggests, the ratio of fractal dimensions for the ganglia 
themselves may be obtained from a log-log plot of surface area versus volume, as shown 
in Figure 12 for experiment A (time = 44 hours). Two linear least square fits are shown; 
one was calculated using the data for ln(V) < 2.6 and the other using data for which ln(V) 
> 2.6. The crossover point (ln(V) = 2.6) corresponds to a ganglia volume of 13.5 mm3, 
which is approximately three times the average packing particle size. Hence, ganglia 
larger than this crossover volume likely occupy multiple pore bodies. The small volume 
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ganglia (ln(V) < 2.6) could be fit by a line with a slope of approximately 2/3, which 
indicates that these ganglia are Euclidean and probably spherical. This is consistent with 
previous findings (19). There is unfortunately a great deal of scatter in the small volume 
data making it impossible to make any definitive statements about their shape. However, 
larger ganglia (ln(V) > 2.6) are better fit by a line with a slope of 0.86, which suggests 
that these large ganglia are highly ramified, occupying many pore bodies. 
Mass Transfer 
The ability to calculate ganglia surface areas as a function of time also makes 
possible the development of relationships between mass transport coefficients and flow 
variables such as superficial velocity (or between corresponding dimensionless quantities 
such as Nusselt and Reynolds numbers). As was mentioned previously, such mass 
transfer correlations have by necessity been cast in terms of mass transfer rate 
coefficients (mass transfer coefficient multiplied by interfacial area). For example, 
organic phase mass balances can be derived for each fluid phase in the imaged volume 
using a variety of assumptions. In the simplest approximation, one could neglect spatial 
inhomogeneities in the distribution of ganglia (as is the case in experiment A) and in the 
dissolved organic species concentration in the continuous aqueous phase. If the system is 
further assumed to undergo plug flow, and ganglia mobilization is neglected, then a mass 
balance on the trapped ganglia can be expressed as: 
dV ka(C s -C h )A ( 1 :  
dt p 
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where V is ganglia volume, k is the mass transfer coefficient, p is the organic phase 
density, Ç, and Cb are the saturation and bulk organic species concentrations in the 
aqueous phase, respectively, a is the fraction of ganglia surface area that contacts the 
aqueous phase, and A is the total ganglia surface area. As was discussed above, the data 
indicates that dissolution becomes the dominant process at different stages of each 
experiment. By fitting the volume data during the dissolution period of the experiment 
dV 
with a polynomial and differentiating, one can estimate —~~ and plot it versus area, as 
at 
suggested by Equation (1) and shown in Figure 13 for experiment A. This plot shows that 
ka(C J  — C b )  
the quantity —^ ^ { remains constant over most of the dissolution process, except 
when nearly all ganglia have completely dissolved. Since the organic phase density, bulk 
and saturation concentrations are all measurable quantities, the only remaining difficulty 
in calculating the mass transfer coefficient k is the determination of the fractional liquid-
liquid contact factor, a. However, it has been shown by Montemagno and Gray (27) that 
through the use of specific membrane probes, it is possible to distinguish liquid/liquid 
interfaces from liquid/solid interfaces. 
5. Summary 
We have developed a simple refractive index matched PLIF system and used it to 
obtain dynamic pore-scale information during ganglia dissolution. Through the choice of 
an appropriate surfactant, we were able to observe complete dissolution of immiscible oil 
ganglia entrapped within porous media. The accuracy of the method was assessed and it 
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was determined that the method gives good quantitative data regarding ganglia sizes and 
shapes provided that the resolution of the imaging equipment and pore sizes are 
compatible. The method could be improved by using higher resolution cameras, thinner 
image slices (which requires more expensive optics), and more sophisticated interpolation 
techniques. 
Data concerning the spatial and temporal dependence of ganglia volume and surface 
area provides evidence of ganglia mobilization at Capillary numbers on the order of 10"5 
and ganglia breakup at low Capillary numbers (-10"6). Furthermore, the analysis of 
ganglia morphology indicates that small ganglia (those occupying fewer than 3 pore 
bodies) are Euclidean in geometry, whereas larger ganglia are more ramified. 
Considerably more information can potentially be obtained using the experimental 
technique described here. For instance, spatial variations in the shape and dissolution rate 
of ganglia can in principle be calculated. As another example, the notion that upstream 
ganglia undergo dissolution while downstream ganglia remain unchanged due to 
equilibrium solubility being reached (7) can be tested through these experiments. If 
images are captured at a sufficiently small interval, it may also be possible to detect 
individual mobilization events, which could then lead to calculation of mobilization 
probabilities as functions of size, shape, orientation, etc. 
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Table 1 
Properties of 1,5 Dichloropentane 
Refractive 
Index 
nd 
Solubility 
(mg/L) 
Interfacial Tension, 
CTqw 
(dyn/cm) 
Viscosity, 
H 
(cp) 
Density, 
P 
(g/cm3) 
Diffusion Coefficient, 
Da 
(cm2/s) 
1.4553 125 a 19.97 1.57 b 1.106c 7.49 x 10'6d 
a (28) 
M (29) 
c Acros Chemical 
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Table 2 
Experimental Conditions 
Experiment Organic Organic Aqueous Aqueous V0 Ao N0 
Flowrate Capillary Flowrate Capillary (cm3) (cm2) 
(ml/min) Number (ml/min) Number 
Â 20 4.8 x 105 4 5.8 x 10~6 5Â 144 259 
B 6 1.5 xlO"5 10 1.5 x10 s 3.6 111 180 
C 12 2.9 x 10"5 20 2.9 x 10-5 4.7 206 375 
D 25 5.9 x 10"5 40 5.9 x 10 s 1.1 53 178 
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Captions for Figures 
Figure 1 : Illustration of quartz flowcell used in experiments. 
Figure 2: Schematic of experimental design. The flowcell and fluorescing ganglia are 
highlighted. Gravity is in the negative y direction. 
Figure 3: Three-dimensional rendering of NAPL ganglia trapped within the observation 
zone. 
Figure 4: Three-dimensional rendering of the 0.5 ml NAPL ganglion. 
Figure 5: Calculated volume versus lower threshold limits for the single ganglion 
experiment. Actual volume = 0.5 ml, interslice resolution = 0.5 mm, and interpixel 
resolution = 0.13 mm 
Figure 6: Total normalized volume of NAPL ganglia within the observation volume 
versus LOG(time) at the four capillary numbers studied. A (X), B (A), C (•), D (•) 
Figure 7: Total normalized ganglia surface area versus LOG(time). A ( X ) ,  B (A), C (•), 
D (•) 
Figure 8: Total normalized number of ganglia within the observation volume versus 
LOG(time). A (X), B (A), C (•), D (•) 
Figure 9: The average volume per ganglion versus LOG(time) at the four capillary 
numbers studied. A ( x ), B (A), C (•), D (•) 
Figure 10: Volume distribution of ganglia versus the length of the column (in pixels) at 
various times during dissolution. 
Figure 11: Number distribution of ganglia versus the length of the column (in pixels). 
Figure 12: Ln-ln plot of ganglia volume versus surface area at 44 hours for experiment A 
(Ca = 5.8 x 10"6). The slope indicates the ratio of the area and volume fractal dimensions 
df jdy/ .  
Figure 13: -dV/dt versus area for the dissolution portion of experiment A. 
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CHAPTER 4: STUDY OF LOW FREQUENCY PULSATION 
EFFECTS ON NON-AQUEOUS PHASE LIQUID 
MOVEMENT AND DISSOLUTION IN POROUS MEDIA 
USING A TWO DIMENSIONAL MICROMODEL 
A paper to be submitted to Water Resources Research 
Mirrya M. Fontenot and R. Dennis Vigil 
Abstract 
Low-frequency sonication is a new and innovative technique currently being 
employed for enhanced oil recovery (EOR) in the field. Unfortunately, very little 
experimental information concerning the mechanisms behind this process is available. 
We have experimentally examined the effects of low frequency (< 10 Hz) flow pulsations 
on trichloroethylene (TCE) removal from a two-dimensional glass micromodel. We 
found that the lowest frequency examined was the most effective. In addition, increased 
amplitude also enhanced removal. The combination of a nonionic surfactant with 
pulsations resulted in improved removal, with the same trends in frequency and 
amplitude mentioned before. 
1. Introduction 
The long-term persistence of NAPL (non-aqueous phase liquid) contamination in 
subsurface groundwater has prompted the investigation of a number of remediation 
techniques. These techniques include, but are not limited to pump and treat, surfactant-
enhanced remediation, bioremediation, and elastic wave stimulation. No single method, 
however, has been found to completely remove contaminant NAPLs from the 
groundwater system. Each technique has its limitations. For instance, pump and treat 
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technologies are not effective in removing NAPL ganglia (or blobs) trapped by capillary 
forces at the pore scale, which account for a significant percentage of the total 
contaminant volume. Attempts have been made to overcome the capillary forces 
responsible for trapping by introducing surfactants into the system to decrease interfacial 
tension. While this is effective in some cases, the danger of chemicals more dense than 
water (DNAPL's), actually migrating further into the groundwater system upon 
mobilization is a concern. In addition, the introduction of more chemicals into the 
groundwater system is not always desirable due to possible toxicity issues. In terms of 
bioremediation, while advances have been made in the use of this technique, there is still 
a great deal of work to be done before this can be consistently implemented on a field 
scale. 
Elastic wave stimulation, a technique that has shown promise in the field, has not 
been thoroughly investigated in the laboratory. The most comprehensive review of both 
laboratory and field work done with elastic wave stimulation is presented by Beresnev 
and Johnson (1994). The reader is referred to this article for general background 
information, but a few relevant issues will be discussed here. Interestingly, the concept 
of elastic-wave stimulation as a possible remediation (or enhanced oil recovery EOR) 
technique originated purely in the field as opposed to the laboratory. A number of 
investigations studied the effects of earthquakes on oil production. It was found that 
while some wells displayed increased oil production, others showed no change, or even 
decreases in production. Since the mechanisms behind these effects are unknown, it is 
impossible to predict the effects of elastic waves on a given reservoir. 
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The effects of high frequency (ultrasound) waves have been studied to a greater 
extent in the laboratory setting. The findings of most of this type of work indicate that 
cavitation is the most probable cause of increased permeability and/or flow. The effects 
of ultrasonic stimulation are also typically limited to a small radius (-20 cm) limiting its 
effectiveness as a field scale tool (Roberts et al., 2001). 
There has been very little quantitative study, however, on the effects of low-
frequency excitation and results tend to be mixed and somewhat inconclusive. An 
examination of the effects of physically vibrating or shaking a packed column system 
was performed by Reddi and Challa (1994). The conclusions of this work were that 
enhanced remediation was achieved through disturbance of the pore structure and 
subsequent mobilization of the NAPL. It is unclear if this change to the pore structure 
itself is a mechanism occurring on the field scale. 
Simkin and Surguchev (1991) examined the effects of elastic vibrations in glass 
micromodels. Their findings indicated that the residual oil saturation decreased by 
approximately 40 % within only 6 minutes due to elastic vibrations, however no mention 
was made of the frequency or intensity of the applied vibrations. They were able to say 
that the oil droplets initially experienced coalescence and mobilization due to the 
vibrations and eventually, the remaining smaller droplets began to breakup. This work 
gives us some insight into the different potential mechanisms behind the success of this 
technique. 
In addition to the work reviewed by Beresnev and Johnson, Roberts et al. (2001) 
performed a more recent study. In this study, mechanical stress stimulation was applied 
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to a water-saturated sand core containing trapped NAPL at frequencies ranging from 25 
to 100 Hz. For most cases, free phase TCE was found in the effluent stream due to the 
stimulation. This resulted in concentrations much greater than the saturation limit. It 
appears also that increasing the amplitude of the stimulations increased the concentration 
of TCE in the effluent. This was primarily attributed to mobilization of the TCE. 
However, it is quite possible that the stimulations had the effect of increasing the mass 
transfer between the phases. 
While there are postulations as to the mechanisms behind enhanced NAPL 
removal via sonic pulsations, experimental data is limited. One theory that has garnered 
some interest is that a resonance frequency is generated which leads to instabilities 
(Hilpert et al., 2000). This occurs when the fluid and the solid oscillate out of phase 
(Hilpert et al., 2000). This theory is an extension of the concept of resonance of fluids in 
capillary tubes. For instance, Hilpert et al. (1997) predict a resonance frequency of 45 Hz 
for water in a capillary tube with radius 0.5 mm. It is assumed that these resonance 
frequencies would also exist for the more complicated case of a random porous media. 
However, it has been suggested by Hilpert et al. (2000) that resonances only occur in 
coarse-grained media. They also show a trend indicating that the resonant frequency 
decreases for increasing particle diameter. 
The purpose of this study is to examine the effects of low frequency (10 Hz or 
less) pulsations on NAPL remediation from a two-dimensional porous micromodel. In 
addition, the combination of this remediation technique with surfactant enhanced 
solubilization is also examined. 
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2. Experimental Details and Procedure 
To examine the effects of both pulsation and surfactant addition on TCE 
remediation, a two-dimensional glass micromodel was constructed. The construction 
process was a bit different then the typically used acid etching process (Wilson et al. 
1990) so it will be described briefly. A micromodel is a physical model of a porous 
media system consisting of a pattern of interconnected pores and throats (Wilson et al., 
1990) and as seen in Figure 1. Once the pattern was created and translated into Autocad, 
mirror images were etched onto one side of two glass plates by precision sandblasting 
(Bancheros Inc.) to a depth of approximately 60 % of the width of the line work or 0.3 
mm. Following etching, the plates were aligned and annealed together in a muffle 
furnace. 
The organic NAPL used for this study is a typical contaminant, trichloroethylene 
(TCE) (Fisher Scientific). For visualization purposes, an organic dye, Solvent Blue 
(Aldrich) is added in trace amounts to the TCE. Deionized water is used as the 
continuous phase for the pulsation only study. The surfactant polyoxyethylene (20) 
sorbitan monooleate (Tween 80) (Aldrich), which has been shown to increase TCE 
solubility in water (Schaerlaekens et al., 2000), is added to deionized water to make a 2 
wt % solution for the surfactant studies. 
The system is set up as depicted in Figure 2. Flowing low-pressure carbon 
dioxide gas through the micromodel to displace most of the air starts all experiments. By 
replacing air with the more water-soluble carbon dioxide, the long-term presence of 
trapped gas bubbles is minimized. Water is then introduced into the micromodel at a low 
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flowrate to ensure minimal bubble trapping. Following the saturation by water, the 
NAPL is introduced into the micromodel by gravity. Residual saturation is obtained by 
allowing the NAPL to leave the micromodel by gravity forces and viscous forces created 
by the displacing water. 
In addition to the experimental conditions mentioned above, an experiment is also 
conducted in which the model is saturated with water dyed with Aniline Blue (Fisher 
Scientific). This gives us information such as porosity and void area. 
Fluid flow through the micromodel is driven by a Masterflex peristaltic cartridge 
pump. Vertical holding cylindrical columns are located both upstream and downstream 
of the cell to dampen pulses from the pump. In addition, a pulse dampener also 
diminishes any pulses created by the peristaltic pump. In the case of the surfactant and 
pulsation only experiments, following the introduction of TCE, water flows through the 
system at a flowrate of 0.33 ml/min for a minimum time of 30 minutes. This flowrate is 
maintained for the remainder of the experiment. A similar procedure is followed for the 
surfactant/pulsation studies, however once the surfactant solution is detected in the outlet 
tank (presence of blue water), flow pulsations are initiated. Pressure fluctuations in the 
aqueous phase are created by a two inch teflon hydraulic plunger located in the inlet tank 
in a piston/cylinder type arrangement. The plunger is connected to a hollow stainless 
steel pipe that is coupled to a Bruel & Kjaer vibration exciter (Type 4809). A Bruel & 
Kjaer power amplifier (Type 2706) and a Phillips PM5134 function generator are used to 
control the pulsation frequency and amplitude, respectively. A pressure transducer (Cole 
Parmer) placed inline measures the pressure variation (amplitude) of the waves. 
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A Kodak DC260 color digital camera placed perpendicularly to the plates 
captures images throughout the experiment. The resolution of the acquired images is 
1024 x 1526 pixels. The images are cropped and analyzed using Image-Pro Plus 4. The 
images are cropped in order to examine only the pattern data and are then converted to a 
grayscale. Measurements (including perimeter, area, and center of mass) are taken of the 
NAPL only by thresholding the images from 0-125. The choice of the upper threshold 
limit is dictated by the results shown in Figure 3. This gives an indication of the 
sensitivity of the measurements to the thresholding limit chosen. It is evident from this 
figure that there is step change in the fraction of the area measured occuring at 
approximately 150. Prior to that, between 50 and 150, the fraction of area versus upper 
threshold limit is virtually linear with a slope of approximately 0.0007. Therefore any 
value between 50 and 150 gives practically the same measurements. 
3. Results and Discussion 
Direct imaging of the two dimensional network makes it possible to monitor 
NAPL area, perimeter, position, and number throughout a given experiment. For some 
cases, the areas, perimeters, and numbers of the NAPL are normalized based on the initial 
area or perimeter. That value is taken to be the value just prior to stimulation. A number 
of cases are examined and each is discussed individually. They include: the examination 
of a single phase liquid to discern micromodel properties, the effects of low-frequency 
pulsation on NAPL removal, the effect of surfactant addition on NAPL removal 
including the examination of mass transfer characteristics, and the effects of pulsation on 
NAPL removal in the presence of a surfactant. 
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Single-phase 
The experiment conducted to examine the properties of the model itself yields the 
following results. In order to determine the porosity of the system, nine sequential 
images of the single dyed phase saturated model are first cropped to contain only the 
network of throats and chambers. Then, the images are thresholded from 0-125 to isolate 
the dyed area only. Next the total area of the images (including void and solid area) is 
found by thresholding from 0-255. This yields porosity (void area/total area) of 0.41, 
with a standard deviation 0.009. 
Pulsation only 
In order to discern the effects of low frequency pulsation only on NAPL 
saturation within the micromodel, four frequencies (2.5, 5, 7.5, and 10 Hz) are examined. 
Each frequency is studied at an amplitude of 0.5 psig and an excitation time of 100 
minutes. The results of these experiments are depicted in Figure 4 as NAPL area divided 
by initial area versus time. It is evident that at these frequencies and amplitude, it is 
difficult to discern if pulsation had any significant effect on mobilization of the NAPL 
out of the system, since most of the data lies within the levels of "noise". 
It does appear that there could be a significant change in the amount of NAPL for 
the frequency of 2.5 Hz. This would coincide with the theory that resonance is occurring, 
since as the frequency is decreased, more removal is seen. Therefore, the 2.5 Hz case 
was examined in more depth by looking at different amplitudes ranging from 0.25 to 2 
psig and combinations thereof. The results of the comparison studies for different 
amplitudes are depicted in Figure 5. This figure shows the change in normalized area 
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over time for the amplitudes 0.25, 0.5, 1, 1.5 and 2 psig at a frequency of 2.5 Hz. There 
seems to be a trend that with increasing amplitude, the removal of NAPL is enhanced. 
The case of the highest amplitude, 2 psig, prominently stands out. For this amplitude, 
almost 20 % of the NAPL is removed from the system. In the analysis of this data, the 
number and perimeter of the NAPL blobs is recorded and the normalized number is 
plotted in Figure 6. It is found within the first 10 minutes of excitation, the number of 
blobs increases from 758 to 1853. That is an almost 140 % increase, indicating that the 
blobs are undergoing extreme breakup due to the pulsation. An examination of the lower 
amplitudes indicates that there is indeed some breakup since the numbers are increasing, 
but at 1 psig and lower, these increases are 10 % or less. At 1.5 psig, within the first 10 
minutes, an approximate increase of 70 % is seen in the number of blobs. It is surmised 
that with increasingly higher amplitude, the blobs are subject to larger viscous forces, 
causing breakup. Since smaller blobs tend to be more easily mobilized, the trend towards 
increased removal with increasing amplitude is likely due to the breakup phenomena. 
In addition to examining the case of a single amplitude, the effect of varying 
amplitudes in series is also examined for two frequencies, 2.5 Hz and 10 Hz. For each 
frequency the system is subjected to pulsations at low amplitude (0.5 and 1 psig) for 100 
minutes. Then the amplitude is doubled (to 1 and 2 psig). These results are depicted in 
Figure 7. At 10 Hz, there is very little change in the NAPL within the system at either 
amplitude. However, at 2.5 Hz, increasing the amplitude from 0.5 psig to 1 psig resulted 
in an obvious decrease in the amount of NAPL (an approximately 8% decrease) in a short 
amount of time. An even greater change, almost 24 %, is seen when the amplitude is 
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increased from 1 psig to 2 psig. It is also worth noting that in the experiments in which 
the amplitudes are increased, a greater overall decrease in the amount of NAPL within 
the system is seen compared with the case of continuous pulsation at a constant 
amplitude. These results indicate that first subjecting a contaminated area to low 
amplitude pulsations and then ramping up the amplitude could perhaps lead to increased 
removal. 
The experiments discussed to this point have focused on continuous pulsation at a 
single amplitude or varying the amplitude. An additional experiment examines the effect 
of subjecting the system to pulsation for a period of time, allowing it to relax, and then 
subsequently pulsing it again at the same amplitude and frequency. This pulse-relax 
sequence is repeated three times. In this case, the frequency chosen for examination is 
2.5 Hz and the amplitude is 1 psig. The results are shown in Figure 8. The first period of 
pulsation results in a decrease in the NAPL area of approximately 7 %. Following the 
pulsation period, the area levels off during the first relaxation. Interestingly, when the 
system is subjected to pulsations again, the NAPL area is decreased by about another 7%. 
During the course of about 100 minutes, it is possible to remove close to 14% of the 
NAPL using the pulse/relax sequence, whereas continuous pulsation for 100 minutes at 
this frequency/amplitude combination resulted in only about a 7% decrease. The third 
and final pulsation period is unfortunately not as effective as the prior two, resulting in, at 
most, a 1% decrease in NAPL area. Figure 9 shows the values for the other 
measurements including normalized perimeter, number, and average area per object over 
the course of the experiment. This plot gives some insight into the phenomena behind the 
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enhanced removal using the pulse/relax sequence. During the first pulsation period, the 
area decreases (as mentioned before), the perimeter also decreases, and the number 
increases. This would indicate that during this time, breakup is occurring since the 
number is increasing. Mobilization, however, is also occurring and is likely the dominant 
process since both area and overall perimeter are decreasing. Following the end of the 
first pulsation period, the area appears to level off. The perimeter, however, increases 
dramatically. The number goes through an increase and then proceeds to level off also. 
An explanation for this is that immediately following the end of pulsation, a great deal of 
breakup occurs without any mobilization. It is possible that during the course of 
«stabilization following pulsations, interfacial forces act to further breakup the NAPL 
blobs. This is an interesting result and the exact mechanisms behind it are not known. 
The results from the second pulsation/relax sequence are much like the first although they 
are slightly dampened. The third sequence results in very little change in all 
measurements. It appears that further breakup during restabilization following 
stimulation contributes to overall NAPL removal. Unfortunately this phenomena doesn't 
appear to be infinitely repeatable. Nonetheless, the finding that a pulse/relaxation 
sequence is more effective than continuous pulsation in removing NAPL from this 2D 
micromodel could prove valuable to those using low frequency sonication for tertiary oil 
recovery in the field. 
Surfactant only 
Primarily for comparison purposes, an experiment was performed in which a 2 
weight % Tween 80 (polyoxyethylene (20) sorbitan mono-oleate) solution is pumped 
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through the micromodel to enhance the effective solubility of the NAPL. According to 
Schaerlaekens et al., 2000, a 2 wt% surfactant solution increases the effective solubility 
of TCE in water by approximately 50 times. The results from this study are indicated in 
Figure 10 as saturation (NAPL area/total void area) plotted against time. The dissolution 
of TCE in the presence of the surfactant solution is clearly greatly enhanced and can 
actually be monitored on a reasonable time scale, whereas without surfactant, we would 
expect very little change in the amount of NAPL over this time span. 
In order to begin to discern the mechanisms responsible for these enhancements, 
it is necessary to review the fundamental equations behind mass transport. Generally 
speaking, a one-dimensional mass balance equation can be written for water flowing 
through an area containing residual NAPL as follows (Geller, 1993): 
where 
<j> = porosity; 
Sw = water saturation; 
C = aqueous phase concentration; 
u = Darcy velocity; 
D = axial diffusion coefficient of NAPL in water. 
The first term represents the unsteady change in mass of NAPL in the water phase. The 
second and third terms on the right-hand side of the equation represent convective and 
diffusive transport of the NAPL. The first term on the right-hand side of equation (1) 
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represents the rate of mass transfer of NAPL from the NAPL/water interface. The rate of 
mass transfer across an interface is typically given as a function of interfacial area and 
concentration difference (Cussler, 1984). This relationship can be written as: 
Nm=ka(C„-C(x,t)) (2) 
where a is the NAPL/water interfacial area, k is the mass transfer coefficient, Cu is the 
concentration at the interface (for a pure NAPL at equilibrium, Cu = C$ the aqueous 
phase solute solubility), and C is the bulk concentration of the solute. 
It is possible to simplify equation (1) if certain processes can be deemed 
insignificant when compared with the others. To determine if the diffusive term is 
important, it is necessary to examine the mass transfer Peclet number. This number is 
expressed as: 
Pe 
D 
For the TCE/water system in the constructed two dimensional micromodel, the Peclet 
number is calculated to be 757. Since this is much greater than 100, it is possible to say 
that axial diffusion is not significant and the last term in equation (1) can be dropped. 
Thus simplified, equation (1) can be solved for C, using Laplacian transforms, given the 
boundary conditions that at the inlet (x=0), C=0, and at the initial time (t=0), C=0. The 
solution is as follows: 
C(x,t) =Cs — x 1 l — e " | (3) 
" J 
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Where H() is the heavy-side step function which essentially encompasses the unsteady 
aspect of this problem. If a steady concentration profile develops within the scale of the 
column and that the extent of dissolution is not appreciable (Dillard and Blunt, 2000), 
steady state can be assumed and the step function may be dropped. 
In addition, a mass balance can also be written for the NAPL phase in which 
losses only occur due to mass transfer across the interface (mobilization does not occur). 
This can be written as: 
dS 
-pJ-^ = ka(C s-C(x,t)) (4) 
At this point, it is possible to take the steady-state solution from (3) and substitute it into 
equation (4) giving: 
dS *"* 
- ~ 
ka(cse " ) (5). 
While this equation is not explicit for k (or K* = ka, the mass transfer rate coefficient), it 
is solvable for k given the data acquired from the described experiments. Very few 
investigations have been performed in which saturation data is readily available (Imhoff, 
et al., 1993). Typically, effluent concentration data is obtained. To evaluate k, the two-
dimensional saturation/time data is first discretized in the x direction by binning every 
five rows of the 2D network. Next, the saturation/time data are fit to a cubic polynomial 
equation for each x. These equations are used to evaluate the derivative given in (5). It is 
possible to calculate k directly since perimeter/time data is taken from the system. 
Perimeter in two dimensions is analogous to area in three dimensions. However, first K* 
will be evaluated for comparison to other investigations that have also examined 
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dissolution kinetics. Figure 11 depicts K* over the course of the dissolution experiment 
for each position down the length of the micromodel (the direction of flow is from small 
x to large x). There is no discernable pattern in K* with length, x. In addition, it appears 
that K* does go through a maximum during the course of the experiment and then again 
approaches zero towards the end of the dissolution. Figure 12 is a plot of the modified 
Sherwood number, Sh' (=K*dp2/D), calculated in this work from K*, versus the 
volumetric NAPL content, 6n- Other correlations (see Table 1) proposed by various 
authors for Sh' are also depicted. For these correlations, Re = 0.91, the Reynolds number 
studied in this work. It should be noted that these plots are actually extrapolations of 
previously published correlations since the Reynolds number for this work is higher than 
that used in the development of the equations. In comparing the calculated values of Sh' 
to past literature, the work of Schaerlaekens et al. (2000) is the most closely related. In 
this work, they also examined the dissolution of residual TCE in a 2 wt % solution of 
Tween 80. However, they monitored effluent concentrations from a packed sand column. 
In addition, in their modeling efforts, they did not exclude the diffusive term in equation 
(1). It is evident from Figure 12 that the calculated mass transfer rate coefficients for the 
system studied here are lower than those of Shaerlaekens et al., however they are on the 
same order of magnitude. Factors that could be responsible for these differences include 
the porous media used (two-dimensional micromodel versus three-dimensional system), 
the differences in Reynolds number, and differing data acquisition techniques. Results 
indicating that the mass transfer rate for the surfactant system is less than that for a pure 
water system are consistent with other investigators (Mayer et al., 1999, Schaerlaekens et 
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al., 2000, and Abriola et al., 1993). Mayer et al. (1999) proposed some possible 
explanations. The first was that the interfacial tension is lowered sufficiently in the 
surfactant case that a greater number of smaller blobs may be expected. This work does 
not give evidence of this. A second explanation is that flow bypassing may be occuring 
due to the formation of dissolution fingers which are more likely when the solubility 
concentration is higher as is the case with surfactant addition. This is a reasonable 
possibility and one that cannot be ruled out. A very likely explanation is that the 
assumption of equilibrium conditions is not valid. According to Mayer et al. (1999) this 
could be due to diffusion of the dissolved NAPL or micelles containing NAPL being 
limited by excess surfactants near the interface. 
A valuable aspect of using a two dimensional micromodel to examine this process 
lies in our ability to not only monitor changes in saturation over time, but also to obtain 
information concerning the perimeter of the NAPL ganglia. This makes it directly 
possible to calculate a mass transfer coefficient from the acquired data. The average value 
for k (mm/min) is determined and plotted in Figure 13 for the duration of the experiment 
(see surfactant only points). A trend is evident that as the dissolution progresses, the 
mass transfer coefficient steadily increases. 
Combination of Pulsation and Surfactant 
Figure 14 indicates NAPL saturation (NAPL area/total void area) in the system 
versus time for the case of surfactant plus pulsation at 4 frequencies and an amplitude of 
0.5 psig. For the case of the pulsations in addition to the surfactant, the pulsations begin 
between the first and second data points. In all cases the initial saturations are very 
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similar (although not identical) indicating that the emplacement procedure is consistent. 
It is evident that the combination of pulsation at all frequencies in conjunction with 
surfactant addition significantly expedited the removal of TCE from the system, reducing 
the time for dissolution by about a factor of ten. This is an expected result since mixing 
at the NAPL/water interface is enhanced by the presence of the pulsations. In addition, it 
appears that there is a trend with decreasing frequency a decrease in overall dissolution 
time is seen. This could again be due to the presence of resonance resulting in even more 
enhanced mass transfer due to mixing. 
At 2.5 Hz, amplitudes of 0.5 psig and 1 psig are compared to get some insight into 
the effect of amplitude on dissolution. These results are seen in Figure 15. Early on in 
the experiment, it appears that the higher amplitude is much more effective. It should be 
noted however, that this initial steeper slope in the saturation time curve is likely due to 
breakup and mobilization of the NAPL blobs since an increase in number is seen. Later 
in the experiment (time greater than 100 minutes) the slope of the high amplitude case is 
approximately the same as that of the lower amplitude. This would indicate that similar 
mass transfer is occurring during this time. 
While pulsations have been shown to have an effect on the system in terms of the 
physical configurations of the blobs, it appears that low frequency pulsations also effect 
mass transport processes. In order to apply a similar procedure for analyzing mass 
transfer coefficients, only the 10 Hz and 7.5 Hz cases will be examined. This is due to 
dramatic changes in the number of ganglia for the other two cases, indicating that 
breakup and/or mobilization is occurring which the previously described procedure does 
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not account for. For these two cases, Sh' and the average k across the length of the 
micromodel have been plotted in Figures 12 and 13 respectively for comparison purposes 
with the surfactant only case. From Figure 12 we can see that for both the pulsation 
cases, the measured Sherwood number is almost an order of magnitude higher than that 
with surfactant alone. In addition, Sh' is relatively unchanged through the experiment. 
In examining Figure 13, the steady increase in the mass transfer coefficient is also seen 
for the cases of pulsation. It also appears that both pulsation cases yield higher mass 
transfer coefficients than for surfactant alone. This result is to be expected, since it is 
likely that there is greater mixing occurring due to the pulsations than without. The 
difference in the slopes of the k versus time plots for different conditions is difficult to 
explain. 
4. Conclusions 
In this work the effect of low-frequency pulsations on mobilization and 
solubilization of TCE has been examined experimentally in a two-dimensional glass 
micromodel. For the limited range of frequencies examined (2.5-10 Hz), it appears that 
the lower frequency was more effective in stimulating removal of the residual TCE in the 
model. This is attributed to the likelihood that there exists a resonant frequency that is 
low for this system and induces breakup of the blobs. In addition, it was found that for 
this system, a pulse/relax sequence was more effective in removal of TCE than 
continuous stimulation. It appears that following a pulsation period, NAPL blobs undergo 
further breakup in reaching a stable state. This is an interesting result and it is somewhat 
difficult to explain. Nonetheless, it is possible that this result could be extended to the 
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field scale technologies already in place. Finally, low-frequency pulsations in the 
presence of a surfactant solution were examined. Pulsations greatly improved removal of 
TCE versus a surfactant alone. This is an expected result since it is likely that mixing at 
the interface enhances mass transfer. The dependence on frequency was seen for mass 
transfer with decreasing frequencies exhibiting improved removal of TCE. 
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Table 1 
Correlations developed by other investigators 
Correlation 
Sh' = 6.254# (Re + 0.0275) 
Sh'= 12 Re075 0NofaSc1'2 
Sh'= 15O0N019 Re0,n 
Sh'= 70.5 in0*'9S%9t~ln 
Sh'= 0.0049 Re0192+0.00315 
Reference 
Shaerlaekens et al., 2000 
Miller et al., 1990 
Imhoff et al., 1993 
Geller & Hunt, 1993 
Abriola et al., 1993 
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Captions for Figures 
Figure 1: Illustration of two-dimensional micromodel pattern. 
Figure 2: Experimental setup. 
Figure 3: Normalized calculated area versus threshold limit for the case of a single dyed 
fluid phase saturating the model. 
Figure 4: Normalized area of residual TCE versus time for different pulsing frequencies. 
The amplitude is 0.5 psig for all cases. 
Figure 5: Normalized area of residual TCE versus time for different amplitudes at a 
pulsing frequency of 2.5 Hz. 
Figure 6: Normalized number of TCE ganglia versus time for different amplitudes. The 
pulsing frequency is 2.5 Hz. 
Figure 7: Normalized area versus time for different frequencies. The amplitude is 
increased as specified at approximately 100 minutes. 
Figure 8: Normalized area versus time for the case of the pulse/relax sequence at 2.5 Hz 
and 1 psig. 
Figure 9: Normalized area, perimeter, and number versus time for the pulse/relax 
sequence at 2.5 Hz and 1 psig. A solid vertical line indicates the beginning of a pulse 
period and a dashed vertical line indicates the end of a pulse period. 
Figure 10: Saturation versus time for the surfactant only case. 
Figure 11: Calculated K* (mass transfer rate coefficient) versus time at different locations 
in the micromodel for the surfactant only case. 
Figure 12: The modified Sherwood number, Sh', versus volumetric NAPL content, 0. 
Figure 13: Average k (mass transfer coefficient) across the model versus time for the case 
of the surfactant only and the surfactant plus pulsation at 7.5 Hz and 10 Hz. 
Figure 14: Saturation versus time for the case of surfactant plus pulsation at four 
frequencies (2.5,5,7.5, and 10 Hz). 
Figure 15: Saturation versus time for surfactant plus pulsation at 2.5 Hz and amplitudes 
of 0.5 and 1 psig. 
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Notation 
<j> porosity 
S saturation 
C concentration of NAPL in the water phase, g/ml. 
t time, min. 
Nm rate of mass transfer across the interface, g/ml/min 
u Dare y velocity, m/min. 
x axial distance, m. 
D axial diffusion coefficient of NAPL in water, mm2/min 
k mass transfer coefficient, mm2/min. 
a NAPL-water interfacial area, mm2. 
Pe Peclet number 
dp particle diameter, mm. 
p density, g/ml. 
K* mass transfer rate coefficient, 1/min. 
Sh' modified Sherwood number 
8 volumetric content 
Re Reynolds number 
Subscripts 
w water phase 
s solubility concentration 
II concentration at the interface 
N NAPL phase 
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CHAPTER 5. PRELIMINARY INVESTIGATION OF 
EFFECTS OF LOW FREQUENCY PULSATION ON 
NONAQUEOUS PHASE LIQUID MOVEMENT AND 
DISSOLUTION IN A THREE DIMENSIONAL POROUS 
MEDIA 
1. Introduction 
The preliminary link between the work done in Chapters 3 and 4 is this work. This 
chapter describes a combination of the remediation technique (flow pulsation) described 
in Chapter 4 with the three dimensional apparatus described in Chapter 3. The reader is 
referred to those chapters for background information. The reader should also be made 
aware that this is by no means a complete study and only represents preliminary 
experiments. 
2. Experimental Details and Procedure 
The experimental design is identical to that described previously in Chapter 3 with 
the modification for flow pulsation. An illustration of the modified set up is depicted in 
Figure 1. 
Peristaltic Pump 
Oil Reservoir 
< 
Figure 1 : Schematic of the experimental design. 
113 
The procedure for introducing the aqueous phase is the same as previously 
described in Chapter 3. The NAPL is introduced into the bottom of the column at a 
flowrate of 10 ml/min (Capillary number = 2.4 x 10'5) for a period of 15 minutes. This 
amount of time allows for sufficient saturation of the bed with the NAPL. At this point, 
the aqueous phase flow is turned on at a flowrate of 10 ml/min for at least 30 minutes. 
This serves to obtain a residual saturation. The aqueous phase flow rate is then lowered 
to 6 ml/min (Capillary number = 8.7 x 10"6) in case (1) for another 30 minutes before 
pulsation and for the remainder of the experiment. In a separate set of experiments, case 
(2), the aqueous phase flowrate remains at 10 ml/min (Capillary number = 1.5 x 10*5) for 
the remainder of the experiment. In order to determine the effects of pulsation only on 
removal, the surfactant has not been added to the aqueous phase. Case (1) experiments 
are conducted at frequencies of 2.5, 5,7.5, and 10 Hz and amplitude of 0.5 psig. The 
system undergoes stimulation for a period of 60 minutes followed by 30 additional 
minutes of data collection. Case (2) experiments are conducted at frequencies of 5 and 
20 Hz and an amplitude of 0.5 psig for a period of 15 minutes. 
In addition to examining the effects of the pulsations alone on NAPL removal, the 
combination of a solubility enhancing surfactant and pulsation is also investigated. In 
this case, the experiment is conducted at a Capillary number of 1.5 x 10 s. Once a 
residual saturation is obtained, pulsations are initiated at 2 Hz and an amplitude of 
approximately 0.5 psig. The system is stimulated throughout the remainder of the 
dissolution process. 
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The data analysis performed is the same as described in Chapter 3, except that 
only volume and number measurements are performed. 
3. Results and Discussion 
Pulsation Only 
The normalized volume versus time results of case (1) experiments to study the 
effects of frequency on NAPL removal from the three-dimensional system are depicted in 
Figure 2. 
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* 2.5 Hz 0.5 psig 
o 
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Figure 2: Normalized volume versus time. The initial volume used for normalization is 
taken to be the volume just prior to the onset of the pulsations. 
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For Case (1), in which the flowrate of the aqueous phase was dropped to 6 ml/min 
following obtaining residual saturation, it appears that the pulsations did not have the 
desired effect of removing NAPL from the system. In fact, the measured volume appears 
to slightly increase over time. This is, to say the least, an unexpected result. Possible 
explanations for this result are limited. One explanation is that the ammonium 
thiocyanate salt (contained in the aqueous phase) is going in the organic phase, actually 
swelling it. However, this phenomenon is not seen in the experiments of Case (2) as will 
be shown later. A second possibility is that small, virtually immeasurable, NAPL bits are 
coalescing with the larger measurable ganglia. Without heightened resolution, it is 
impossible to definitively say if this is happening, however it is a feasible explanation. 
The results of the number measurements are depicted in Figure 3 below. 
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Figure 3: Normalized number versus time. 
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For the most part, the numbers in all cases remain relatively constant with the exception 
of 5 Hz where a steady decrease in number is seen. This decrease would support the idea 
that coalescence is occurring, thereby increasing the measured volume. 
The normalized volume results for the Case (2) studies are depicted in Figure 4. 
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< 0.96 
0.94 " 
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Figure 4: Normalized volume versus time. 
Figure 4 indicates that for Case (2), the higher frequency of 20 Hz is slightly more 
effective at removing NAPL from the system than 5 Hz. Certainly the results seen for 
Case (2) are more promising in terms of NAPL removal than Case (1). An explanation 
for this discrepancy between the two cases involves the differing Capillary numbers. 
Case (2) experiments are performed at a higher Capillary number than Case (1). A higher 
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Capillary number (flowrate) typically results in more ganglia mobilization, therefore any 
effects of pulsation are likely enhanced by a higher aqueous flowrate. This indicates that 
pulsation effects will likely be dependent on other factors besides frequency and 
amplitude. These other factors include aqueous flowrate and initial saturation. In 
addition, since in Case (2), 20 Hz seems more effective than 5 Hz, it is possible that the 
optimal frequency for this system is much higher than those studied in Case (1). All of 
the above mentioned factors should be examined in much more detail in order to gain a 
better understanding of the effects of pulsation on NAPL removal in three-dimensions. 
Combination of Pulsation and Surfactant 
The results of the experiment combining pulsation with the surfactant are depicted 
in Figure 5. 
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Figure 5: Comparison plot for the change in NAPL volume (mm3) versus time 
with and without stimulation. 
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This figure shows the change in volume of NAPL within the observation zone versus 
time for the cases of with stimulation and without. It is clear from this figure that the 
combination of pulsations with surfactant result in greatly enhanced removal of the 
NAPL from the system. In addition there appears to be a sudden drop in volume very 
early on in the experiment indicating that mobilization of the NAPL ganglia is likely 
occurring due to stimulation. In addition to examining the volume change, the surface 
area and number are also monitored throughout the experiment. These results are 
depicted in Figures 6 and 7 respectively for the case of pulsation. 
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Figure 6: Plot of total ganglia surface area (mm2) versus time. Stimulation begins at 
60 minutes. 
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Figure 6 indicates that the total ganglia surface area undergoes a rapid decrease upon 
introduction of the pulsations. In addition Figure 7 shows that the number of ganglia 
initially decreases, and then proceeds to increase as stimulation continues. This 
information taken together would indicate that upon stimulation, it is likely that ganglia 
are initially mobilized since decreases are seen in all three measurements. As stimulation 
continues, however, breakup and mobilization is occurring since the number of ganglia is 
increasing, while the volume is decreasing, and the surface area is holding relatively 
steady. 
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Figure 7: Total number of ganglia within the observation zone versus time. Stimulation 
begins at 60 minutes. 
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CHAPTER 6. CONCLUSIONS 
Summary 
The purpose of this work is to gain a better understanding of the processes 
involved with non-aqueous phase liquid dissolution in porous media and remediation. 
Dissolution of 1,5 dichloropentane was monitored in a three-dimensional media 
via refractive index matching and planar laser induced fluorescence (PLIF). Monitoring 
a NAPL dissolution process using this technique is a first. The advantages to this 
technique include low cost and the ability to retrieve both volume and area information 
over time. The disadvantages are that the choices of fluids to examine are extremely 
limited by refractive index. The process of finding an organic which matched the 
refractive index of both the media and the aqueous phase was long and tedious. Another 
disadvantage is that the experiments can be lengthy and difficult to set up. Nonetheless, 
we have been able to quantitatively monitor the complete dissolution of trapped NAPL 
ganglia at various Capillary numbers. The results indicate that the dissolution process is 
expedited by increased flowrate (higher Capillary number). In addition, we are able to 
discern if mobilization and/or breakup are occurring during the dissolution process. We 
found that at higher Capillary numbers, mobilization was more likely while at lower 
Capillary numbers, breakup occurred. Also, with the area data acquired, it was possible 
to explore ganglia shape. Small ganglia (< 3 pore bodies) tended to be of Euclidean 
geometry while large ganglia tended to be more ramified (high surface area to volume 
ratios). Armed with NAPL area data, it is possible to pull mass transfer coefficients from 
the data. Most work has been limited to finding only mass transfer rate coefficients 
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which lump together the mass transfer coefficient and the interfacial area. This is an 
exciting aspect of the work we have done in this area. 
The remediation of NAPL contaminants from ground water systems is an area of 
great environmental concern. New technologies continue to be developed and require a 
great deal of testing in order to optimize them. The technique we chose to study is 
related to low frequency sonication. Aqueous phase flow pulses were introduced into a 
two-dimensional glass micromodel to examine the effects on trichloroethylene (TCE) 
removal. In addition to looking at flow pulsations alone, we also combined this 
technique with the use of a solubility-enhancing surfactant. The use of flow pulsations 
was more effective at smaller frequencies and larger amplitudes. The frequency 
dependence is possibly due to resonance of the NAPL ganglia created by the pulsations. 
In combination with a surfactant, the technique showed very promising results in 
removing the residual TCE very quickly. It is likely that the pulsations enhanced the 
mass transfer due to increased mixing at the interface. These results prove to be 
promising not only in terms of NAPL contaminant remediation, but also to enhanced oil 
recovery. 
Recommendations 
The work completed thus far is, in the author's opinion, just the beginning, but 
has laid a foundation for future work. The three-dimensional PLIF system, even with its 
limitations, can give a wealth of valuable information. Aside from examining NAPL 
dissolution, a more complete examination should be performed on the effects of 
sonication on NAPL removal in the system. This includes the examination of different 
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aqueous phase flowrates and initial saturations. It would also be possible to inject a 
single ganglion into the bed (with proper modifications to the flow cell) and monitor the 
effects of pulsation on it alone. From this one could gain insight into the relationship 
between individual ganglion volume and instability due to pulsations. 
With the addition of fluorescent tracers into the aqueous phase, it would be 
possible to do particle tracking and see what the effects of pulsation are on velocity 
profiles during pulsation. This has not yet been done in a three dimensional system. The 
current system can also easily be extended for particle image velocimetry (PIV) 
measurements in three-phase systems. 
A single, uniform solid particle size was used in the packed bed for these studies. 
It would probably be worthwhile to examine different uniform sizes. Also the effects of 
multiple sizes occupying different layering patterns (to simulate a heterogeneous porous 
media) could be examined using this technique. 
The porous network for the two dimensional work was set on a regular square 
lattice. Other networks should be examined. Currently in the lab, we have plates etched 
with diagonal patterns. It is likely that the model used will have some effect on the 
results and this should be explored. The effect of pulsations on different properties such 
as interfacial tension, viscosity, and density could easily be examined in the two 
dimensional system since it has no limitations on the choice of chemicals. 
There are also a few recommendations for the lab equipment itself. This system 
was built on a budget and has plenty of room for improvement. The first thing that 
should be done is to have the argon-ion laser wired for automation. Currently, it needs to 
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be manually turned on and off whenever a measurement is taken. The camera and 
translation stage are already automated. Automating the laser would make the 
acquisition of data much easier on the experimenter as they wouldn't have to go in at all 
hours of the night to turn the laser on. The data analysis program (Voxblast) is adequate, 
however it is extremely time consuming. It would be worthwhile to investigate (budget 
allowing) other three-dimensional analysis packages. Other packages will likely have 
more advanced interpolation techniques also. Much of the equipment used in the flow 
pulsation studies (function generator, amplifier, shaker, and data acquisition board for the 
pressure transducer) is on loan. If this work continues, purchasing this equipment should 
be considered. Finally, since the flow cell used for this work is extremely fragile and has 
tendencies to leak, it would be wise to build an extra, possibly investigating designs that 
are more robust. As mentioned above, a modification should be included in the design 
that allows for easy injection of a single NAPL ganglion. 
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APPENDIX. ADDITIONAL ANALYSIS 
Further data analysis was performed on the data taken from Chapter 3. 
Specifically, the volume distribution for each experiment was re-calculated. Previously, 
center of mass coordinates were used to determine the position of the ganglia within the 
bed. For this analysis, the images comprising a data set were cropped to the specified 
lengths (0-59, 60-119, etc.), and then individually analyzed to determine the volume of 
NAPL residing in that segment. The results are given in Figure 1 below. 
Figure 1: Volume distribution of ganglia through the length of the column (given in 
pixels). Each bar represents a different time within the experiment. The length is divided 
into bins from 0-59 (= 0), 60-119 (= 60), 120-179 (=120),...and 420-479 (= 420). 
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This figure differs from Figure 10 shown in Chapter 3 in that for experiments C 
and D, a progression of volume maxima is not seen. This does not directly support the 
idea that mobilization is occurring for these cases, however it does not discount it either. 
Breakup, however, is certainly occurring for these cases since the number goes through a 
maximum, while the volume is steadily decreasing. In addition, it is difficult to 
definitively say that there is a trend of increasing volume downstream although there 
appears to be a slight trend. 
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